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FOREWORD

This document entitled "An Investigation of Advanced Pilots Vertical

Display Techniques" is the final report prepared for the Naval Air Develop-

ment Center (NADC) by Northrop Electronics Division, One Research Park,

Palos Verdes Peninsula, California. This report documents the work performed

under Contract N062269-71-C-0574 during the period I July 1971 to 31 July 1972.

Northrop Electronics Division Control Number NORT 71-295-2 has been assigned

to this report. This report was submitted by the author on 22 September 1972.

The contract is sponsored by the Instrument Techniques Section of NASC

under the supervision of Mr. J. Wolin and Mr. R, Berthot. The program was

administered by Mr. K. Priest and Mr. N. Douglas of NADC.

Mr. J. McDade was the contractor program manager. The other Northrop

personnel contributing to this program Included Miss P. DuPuis and Messrs.

E. Ebright, F. Freeman, J. Gunther, R. Honzik, T. Noda, W. Richardson, and

H. Shoulders.
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ABSTRACT

This report sumnarizes the results of a one-year investigation of advanced

S pilots vertical display techniques. The purpose of the study was to appraise

the relative merits of nonconventional display techniques for 1985 era, all-

weather, naval attack aircraft. The vertical display system (VDS) must present

situation, command, and multisensor (radar, FLIR and TV) information to the

pilot and systems operator for aircraft flight control and mission functions.

Mission requirements were established which, in turn, defined the information

content, functional and human factors performance criteria for the VDS. Two

mission plans and scenarios were prepared to cover a wide range of aircraft

flight conditions and weapon delivery modes to exercise the various avionics

sensor systems and establish the worst-case or most demanding VDS information

and design requirements. A weighting factor tradeoff analysis was conducted

using system parameter performance weighting factors selected by representatives

of NADC to determine the capabilities of the twelve most promising nonconven-

tional display techniques for fulfilling the VDS design requirements. Using

weighting factors established by the Navy, the DIGISPLAY and liquid crystal

dtsplay techniques were the most promising display techniques for the VDS

applications. A tradeoft and cost-effectiveness analysis was conducted to

(determine the optimum scanning standards and the system design specifications

for a complete VDS DIGISPLAY system. The results of this study indicated that

the 875 TV line scanoing standard with eight shades of gray scale was the opLi-

mum choice, because it offered the highest performance per unit cost of all the

systems analyzed, and hence was cousidered the most cost-effective. A prelimi-

nary design was prepared for the optimum VDS. and a series of simulation tests

were conducted t,, verify the performance and flyability of the recommended

design.
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1.0 INTRODUCTION AND SUMMARY

This final report summarizes the results of a one-year investigation of

advanced vertical display techniques performed under U.S. Navy Contract

N062269-71-C-0574. The purpose of the study was to appraise the relative merits
of nonconventional display techniques for their potential application in an

advanced multisensor vertical display system (VDS) for use in a 1985 era

naval all-weather, day/night attack aircraft. The aircraft will be a two-

place (tandem cockpit arrangement), post-F-14 design with top speed of Mach
3.0 and be capable of supersonic dash at Mach 1.2 at sea level for radar

penetration purposes. the vertical display system must present situation,

command, and (or) multisensor (radar, FLIR and TV) information to the pilot

and systems operator for aircraft flight control and mission functions.

The study was conducted in three parts. The first part defined the total
mission requirements, including information, functional, and human factors re-

quirements, and established vertical display system performance and design

criteria based on the anticipated aircraft avionics systems and weapon capa-

bilities that will be available in the 1985 era. Two mission plans and
scenarios were prepared in order to cover a wide range of aircraft flight

conditions and weapon delivery modes tu exercise the various avionics sensor

systems and establish the worst case or most demanding VDS information and

design requirements. Functional flow diagrams were prepared for the pilot and
systems operator stations from which the essential information requirements

were determined and allocated to the various onboard cockpit display systems.

The VDS display content was developed and compared with other display systems

on presently operational aircraft, and a series of display fornmts were syn-

thesized with a VDS mode of operation designed to cover each flight phase of

the aircraft.

The VDS performance objectives and design goals were determined by ana-

lyzing the worst case imaging requirements of the high-resolution multisensor
avionics system contemplated for use in the 1985 era. This included such

sensor systems as low-light-level television, high-resolution vidicons,

forward-looking infrared (FLIR) and multiple mode radar systems. A modulation

transfer analysis and signal-to-noise analysis were performed to determine the

(
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most important parameters for the dot matrix display such as resolution, con-

trast, shades of gray, and number of scanning lines required to be compatible

with the anticipated levels of performance expected from the complete sensor

system. The modulation transfer characteristics of a digitally scanned dot

matrix display system were derived and compared with the continuously scanned

case, and the human factors requirements were determined including display

brightness, refresh rate, symbol size and font.

During the second part of the study, a weighting factor analysis was con-

ducted to determine the capabilities and limitations of the various advanced

non-CRT candidate display techniques in regard to their potential fulfillment

of the VDS design and performance goals previously established. A literature

survey was conducted and the most recent performance data and display techni-

cal information was requested from 25 of the leading commercial companies

involved in extensive research and development programs in the various display

technology areas of interest. This information was compiled, analyzed and

estimates made of future (1975) system performance based on the levels of

performance achieved to date. This data was analyzed and evaluated using a

series of weighting factor assignments (allocated by representatives of NADC)

to 24 of the most important display characteristics and performance parameters.

The weighting factors were formulated for the purpose of evaluating and com-

paring the capabilities of the various non-CRT techniqties regarding their

potential application to the 1985 VDS. -these characteristics auid performance

parameters were selected as a result of studies which indicated that they would

have a direct effect on the performance of the video system, and could be used

as guidelines to the eventual determination of vheth%ýr the candidate display

techniques could achieve the level of performance required for an operational

VDS. The results of the weighting factor analysis enabled the relative ranking

and narrowing of the total of 12 candidate display techniques down to the five

most promising. These five techniques (including DIGISPLAY, liquid crystal,

ferroelectric, LEDs, and A.C. plasma) considered to be the most attractive

candidates for the VDS application were then studied in detail with respect to

the systems reliability considerations, and a final rakl•g of the top five

candidates was performed.

3
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The DIGISPLAY and liquid crystal techniques received the highest scores in

(L..e analysis using Navy weighting factors, and were therefore considered

as the most attractive candidates for the future VDS. It was decided to use the

DIGISPIAY for the preliminary design analysis because of Northrop's familiarity and

experience with the technique, and because it had received the highest weighting

factor score.

The third part of the study conducted a prelimivary design tradeoff and

cost-effectiveness analysis to determine the optimum operational and design

parameters for a DIGISPLAY VDS. Scanning standards of 875, 945, and 1023 TV

lines were considered with eight and ten shades of gray scale capability. This

study concluded that the 875 TV line scanning standard with eight shades of gray

was the most cost-effective system design for the VDS application. A preliminary

design analysis of this system was performed to determine the preltminory speci-

fications for the complete system includLh6 the display, computer, scan converter,

n-mhol generator, and interface electronics.

A simulation program was also conducted during the third part of the study

to obtain diagnostic measurements of a simalared dot matrix dtaplay in compari-

(son with a conventional raster scanned CRT and to determin-, the relative merits

of the 875, 945, and 1023 TV line scanning standards. A dynamic simulation of

the proposed VYS dot matrix forr.ats for takeoff/crut.se and landing modes was

conducted to evaluate and obtain system dosigi.n-.d human, factors information

rogardlng optimum font.ýi.ze aod spatial gro•,sitg of symbols, the placemant.

tonveet patterns and conteuts of the inf'.crmtion, and the adaptability of

the ptlots and systems op#!rators for cýversion from the existing cockpit

displays to the proposed new MiO.

REPORT SUORY

The report is or•oganed ntot three parts. Part one consists of sttct ions

I and 2 which are cwcerned with the establishment of the preliminary de~i.gn

goals of the YOU. Included in $ecttrn I of this report are the mission plans,

scenarior., and the functional flow diagrams associated with the proposed mis-

sions. TIh information requirenents and display content are analyzed, and the

suggested foroats for the varicos W." dtsplay modes are presented.

3



Section 2 contains an MTF analysis of the worst case-imaging requirements

for the various avionics sensor systems carried on board the attack aircraft.

The human factors requirements are discussed and the VDS performance criteria

and design objectives are established.

The second part of the report contains sections 3 through 7, which are

concerned with the selection of the optimum display techniques for the VDS

application.

Section 3 discusses the derivation of the weighting factors from the VDS

design goals. Section 4 presents a short technology assessment of the various

display technologies. Section 5 discusses the results of the weighting-factor

analysis and presents the relative ranking of the candidate display techniqules.

Section 6 analyzes the system reliability considerations of the five most

promising display techniques. Section 7 contains the conclusions and recom-

mendations of the display techniques study.

The third part of the report consists of sections 8 through 11 which are

concerned with the selection of the optimum design parameters for the VDS.

Section 8 discusses the results of the diagnostic and dynamic format simula-

tion programs. Section 9 contains a trade-off analysis of 875, 945, and 1023

TV line VDS DIGISPLAY systems. Section 10 is a cost-effectiveness analysis of

the optimum system parameters for the VDS application, and section 11 presents

a preliminary design analysis of the proposed VDS system.

The appendices contain supporting technical information that is pertinent

to the study results. Appendix Al contains the derivation of the MTF charac-

teristics of a digitally-scanned dot matrix system and compares the performance

with a continuously scanned system. Appundix A2 contains the detailed scoring

shoets for the weighting factor analysis. Apperdix A3 describes the principles

of operation of a storage DIGISPIAY system. Appendices A4, AS, and A6 provide

detailed calculations of the capacitance parameter values for the switching

plates of t.he DIGISFLAY systems that were studied, and Appendix A7 calculates

the phosphor life versus brightness for the recommended DIGISPLAY systems. !_

4
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1.1 STUDY METHODOLOGY AND SYSTEM PARAMETERS

Sections 1.1 through 1.9 of this report contain the results of the Require-

ments Analysis conducted by Northrop Human Factors/System Analysis personnel.

There analyses provided the baseline data and Human Factors requirements for

the Vertical Display System (VDS) study.

Ths purpose of this effort was to determine what information should be dis-

played, and the optimum formats for its presentation on the integrated VDS for

either the pilot, the system operator (or both) during the conduct of various

attack missions during the 1985 time frame.

A systematic approach was implemented during the first phase of this study

to develop firm base lines, hypotheses and constructs required for the projection

of future mission-oriented requirements. Two primary ground ruies were exercised

throughout the sequential development of the Human Factors analyses. First, the

information required would be identified at the appropriate level for each specific

mission phase, segment, or task. Secondly, the aircraft on-board systems and

weapon/delivery modes would be based on conservative estimates of future system

and subsystem development.(
The Requirements Analysis consisted of three major areas. These analyses

included the definition of Miss ior, Requirements, the identification of Informa-

tion Requirements and the determination of Display Content. The following

Casks were accomplished and are discussed in detail in subsections 1.1 through 1.9.

8. Establish mission/sensor/weapon parameters for the required time frame.

b. Determi:ne sensor or sensor combinations used for accomplishment of specific

m*ssion, or mission scOnut objuctivcs.

c. Detertmine attack missions and mission parameters, anJ prepare scenarios

for specified missions.

d. Prepare Functional Flow Diagrami for selected tlissions, anjt allocate d
functions to pilot and/or system operator positiona.

0. Develop Infarmation Requirements (111) based on identified mission functions,

and 4llhcaie the informaltion displayed to the integrated VDS, or to other

functLional control/display areas at each crew station.

5}
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f. Determine VDS information content and compare with existing VSD system(s)

display content.

g. Develop Control/Display Requirements, including display format, symbology,

presentation mode, etc. Emphasis will be directed toward military standard-

ization requir:mrents for this type of displayed information.

h. Prepare recomnended VDS formats for selected mission phases.

To obtain a realistic baseline for the information requirements of the air

crew for successful completion of the selected attack missions, the following

variables were analyzed: parameters of a 1985 attack aircraft; probable onboard

sensor systems; and the probable types of weapons which will be delivered in the

operational time frame. The aircraft, sensors and weapon delivery modes were

based on a conservative projection of subsystem capabilities for the 1985 time

period. The projected subsysteras hypothesized may be more efficient, reliable,

automobtic, etc., than the existing operational systems, but they will be required

to operate in the sami environments, by the same types of personnel, and the

sensor systems will be constrained to operate in the sam spectral regions as

presently existing systa=mS.

1.1.1 Htnion Parame-ters

To iully exercise atd allocate the vertical display syatc0 -equiremfnts,

missions were selected fl'ich required aircraft launch, penetroatoo, attack rtd

recovery during the woit case flight conditions. Lof level penetration and
withdrawal mission phases were selected for analysis, as theae flight regimes

require oore information to be displayed at one time than high level cruise to

and from the target area.

For the purposes of examining the effects of automation on the pilot's

and system operator's information requiremnts, to levels -- or degrees - of

pan/machine system automation were itvestigated for the takeoff, cruise, low-

level penetration atnd recovery mission phases. 'ission No. I was based on a

semiautomatic rman/machiae system.( 1 ) In this mode, the operator perforos

in series with the equipment as part of a closed loop systec. ?iseion No. 2

was based on the aircraft systao designed as an automatic system, where the

)



operator performs parallel operations. That is, the pilot's or system opera-

tor's roles are that of system or subsystem managers, with monitoring and fault

correction as the primary system functions performed.

Section 1.2 details the factors and parameters used in the development of

the Mission Scenarios.

1.1.2 Aircraft Parameters

The attack aircraft postulated for the 1985 time frame is a twin engine,

two place (tandem) cockpit design with a primary air-to-ground weapon delivery

capability and an effective air-to-air defensive capability. The aircraft is

designed for conventional takeoff and landing, incorporates a variable sweep

wing, and has air-to-air refueling capabilities. The aircraft is designed for

a sustained speed of ZIach 2.8 at optimum altitude with a temperature-limited

dash capability of ýMch 3.0. It is capable of sustained sea level flight at

Mach 1.2 and (low-level) dash at Hach 1.5.

The irQr•aft incorporates a high level of autotwtionf including a digital

4Viotflcs systemf, integrated stcres &muamut/'4po deliv-ery system, 4autoatted

fire control sysitem and a fully lnertdot rol/'kispla systeta at the pilot's

Both crew. sat ions Vill contair a WStieno VP 4tich can vrezse-lt at

least the itforlt•on from two sensors sioltanoeously. The field of vhw (OVV

of each sensor vould FUe deine to. have the r.4tv ag1csuth attd elevatioin coverafto

so that the imdfvidu4l 41oo "piture" could Wespcioe4oe anoth-er settgor

picture at the sar~e. tift. gi4de angle or warrow angle M4s would be selectable at

each crev *atlflon.

Th4e simulataneous rsntto of Infornationi woulO be especially effectiv,,e

for targtet detection, identification a#d designation. For instance, radar and

11 returns could be cr=Sine4 duritit tar~et acquisition. Thve radar returins could.

be linited to pres~ent ftediutý contrast terra*in featuires mn the tarret area While

bet t~arg'et* uwuld be hitblisihteol by the superposltiotena IR returns4. Devpendiar,

upon the type of terrair, veather (snov coverinz, etc.) andl tarret types, the

fl& amA radar roles nxay be reversed -so that the IR presents the background

tdtile the radar provides the tartet lnforvatoon.

I f 7



1.1.3 Sensor Parametezs

A working paper matrix --is developed to compare existing sensor capabilities

and limitations under varieu operational conditions such as: "Day - clear,

restricted, obscure; Night - clear, restricted, obscure," vs target type and

present usage. The purpose of this task was to determine which sensors could

be .:sed singly to accomplish a mission phase objective, or what combination(s)

of sensors could be used simultaneously for even greater efficiency in accom-

plishing such tasks as target acquisition and weapon employment. A second but

equally important objective was to determine the potential information/content

which could be displayed and the effect on the multipurpose VDS display

requirements.

The on-board sensors considered in this study include:

Forward _)oking Radar - FLR

Air " :o..ercept Radar - AIR

Forward Looking Infrared - FLIR

Air Search Infrared - ASIR

Low Light Level TV - LLLTV

High Resolution TV - HRTV

Laser - LAS

Target Identification System Electro Optical - TISEO

Radar Homing and Warning - RHAW

Identification Friend or Foe - IFF/SIF
(Secure Identification Feature)

Photo Camera - PC

1.1.4 Weapon(s)/Delivery Mode Parameters

The following types of weapons were considered in this study:

a. Air-to-Ground:

Conventional bombs

Nuclear weapons

Standoff weapons

Rockets

Mines

Torpedo

8



b. Air-to-Air:

Mis:"iles (long range and dog-fight)

Cannon (20-30 mm)

1.1.5 Reconnaissance Sensors

The following types of reconnaissance sensors were considered:

Infrared (Line Scan)

Side-Looki n Radar

Photo

Laser Camera

1.1.6 Tactical Systems

The tactical systems assumed to be operational i, the 1985 time frame

include:

a. Automatic Carrier Landing System - ACLS

The ACLS performs its primary function during Jarkness and weather and

is activated on the final appr.:'ach after the initial approach *nd the

proper flight configuration have been established. The system provides

the capability to autoumnically recover an aircraft on the carrier deck

without pilot intervention. The Landing Signal Officer monitors the

system operation and provides for manual override if "waveoff" action

should be required.

b. Carrier Controlled A"Proach System - CCA

This system performs the function of establishing the initial conditions

for handover to the ACLS and controls 11 aircraft entering the ladiurg

pattern. The CCA also provides the capabillity to serfor" the samw

functions as the ACLS would perform in a semiautoeatic mode.

c. fombalt. Information Center - CXC

The CIC may be established on the carrier or as 41 Airborne C•C. The

role of the CIC is to provide ccvsand and control of all launched air-

craft in the assigned airspace subsequent to handover from departure

control and until handovar is made to the CCA foi recovery. The CiC

9



also receives all strike information, provides control of air refueling

areas and assignments, assists in rescue operations and provides pilot

advisories.

d. Joint In-Flight Data Transmission System - JIFDATS

JIFDATS )rovides the capability to transmit sensor data (IR, SLAR,

Photo, etc.) from an airborne reconnaissance aircraft directly (or

via a relay aircraft) to a shipboard terminal for recording and

viewing the data in near-real-time.

1
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1.2 MISSION PROFILE AND SCENARIO DEVELOPMENT

The mission scenarios were developed for the purpose of conducting a

comprehensive mission analysis and are based on Naval tactical doctrine applied

to the hypothetical combat situations. Specifying the theater of operations

was not considered essential in the development of the scenarios, since the

missions described herein could be flown in many geographic locations. The

missions described and the mission data generated can be applied to various

types of Naval operations encompassing limited to full scale tactical situations.

Figure 1 depicts the mission parameters and first level functions

selected to exercise the 1985 attack aircraft, on-board sensors and the Vertical

Display System (VDS). The heavy flow line indicates the air-to-ground bomb

attack and subsequent air-to-air defensive engagement hypothesized in Mission

Scenario No. 1. The mission plan and overall flight profile from launch to

recovery are also shown on this drawing.

Mission No. 2 includes a standoff weapon attack (Function 1.20) and a sub-

sequent surface-to-air missile attack on the aircraft during the Escape Phase.

First level functions 1.2 (Launch) through 1.5 (Penetrate) are identical to

Mission No. 1, as are functions 1.13 (Cruise Back) thr:ough 1.15 (Recover Aircraft).

The factors considered in developing the specific mission requirements,

mission plans, profiles, sensor and weapon selection, and operational procedures

are as follows:

a. The scenarius to be based on realistic operational mission requirements

involving launch and recovery from an attack carrier.

b. Target types which are typical of interdiction and counter-air missions.

co The target location and mission contingencies shall provide for exercising

various realistic enroute and escape/recovery situations requiring different

operational modes and displayed information.

d. The weapon(s) selected for delivery may exercise two or more sensors
requiring different display characteristics.

e. Weather and time of day to be realistic and provide for exercising various

types of sensors and displayed information.

' I •
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f. Aircraft and equipment capabilities and limitations as they affect the

mission plan and profile.

The requirement to be able to isolate and identify critical operational

functions requiring specific information to successfully complete a tactical

maneuver or task were also introduced into the mission scenarios.

For each mission these factors were integrated into a plan, then trans-

ferred to a map which depicted various typical targets, defenses, terrain anid

postulated military activities. Based on previous tactical mission planning

and operations and with reference to Naval doctrine, a mission plan was

developed.

13
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1.3 MISSION NO. 1- EXECUTION DESCRIPTION ""

The first-level functions required for Mission No. I are further broken

out to second-level functions depicted in Figure 2, sheets 1 and 2. The flight

profile associated with each mission phase is shown above the applicable phase

and associated functions. The vertical phantom lines indicate the scope of

the individual first level functions and are referenced along the bottom of

the drawings.

The first level functions, "Cruise Out" and "Penatrate," differ mainly in

that during Cruise Out (or back) we assume that the aircraft is over friendly

territory and not subject to surveillance or attack from the ground. During

the Penetration phase, it is assumed that both electronic surveillance and the

possibility of enemy ground-to-air and air-to-air attack can occur at any time.

The Escape phase is similar to the Penetration phase in that the same conditions

exist; i.e., the desirability of escaping detection and possible attack. In

both the Cruise Out and Cruise Back phases, more emphasis can be placed on

effective fuel management techniques, such as reduced airspeed and increased

altitude, since the aircraft is beyond the enemy's early warning line.

The major mission phases prior and subsequent to the actual attack phase

were selected to exercise VDS capabilities and assure that the pilot and/or

system operator obtains necessary and sufficient information to successfully

complete the hypothetical mission described in section 1.4.

The air-to-air defensive engagement is an "unplanned event" following the

bomb attack and occurs shortly after the attack aircraft has descended to the

preplanned escape altitude. As depicted in Figure 2, sheet 2, the air-to-air

pre-attack, attack and post-attack functiotis are offset from the preplannod

mission events. After successfully completing the attack, the remainder of

the Escape Phase (1.9) and subsequent missioti phases are completed.

The following abbreviations used iW the secon, level functioo flou block

diagrams and mission scenarios include:

A/S - Airspeed

A/C - Aircraft

ATA - Actual Tiwe of Arrival

1
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CCA - Carrier Controlled Approach

CIC - Combat Information Center

ETA - Estimated Time of Arrival

EW - Early Warning

FLIR - Forward Looking Infrared System

FLR - Forward Looking Radar System

IFF - Identification Friend or Foe System

IP - Initial Point

RHAW - Radar Homing and Warning System

S.O. - Systems Operator

TISEO - Target Identification System, Electro-Optical

TOT - Time Over Target

VDS - Vertical Display System

WDS - Weapon Delivery System
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1.4 MISSION SCENARIO NO. I

The mission scenario developed in this example is representative of possible

Naval operations in any theater of operations. It is assumed that an amphibious

assault landing has been scheduled within 24 to 48 hours of launch, depending

upon weather and sea conditions. An attack carrier task force has been committed

to support the assault. Pre-assault interdiction raids are to be carried out

against the enemy's airbases, defenses, logistics and transportation routes in

the assault area to isolate the beachhead. This mission is a pre-dawn attack

where the time over target (TOT) will be prior to first light as calculated

from nautical twilight. Weather at sea during launch and recovery is forecast

to be marginal due to fog and low clouds. Weather on the coast is forecast to

be "socked-in" with zero visibility. Visibility enroute to the target is fore-

cast to be 1 to 2 miles, gradually improving inland, with visibility in the

target area varying from 2 to 3 miles. The terrain between the coast and the

target consists of flat terrain, low rolling hills and several small mountains

with elevations to 4500 feet. The route has been selected so that a low-atti-

tude approach can be made using terrain following and terrain avoidance modes

up to the initial point (IP). The target area is expected to be defend'ed by 2

surface-to-air missiles and anti-aircraft artillery. To take advattage of

the element of surprise, a high-speed, low-altitude approach has been chosen.

This mission profile provides a high probability of mission success while mini-

wiring losses due to enemy ground-to-air defensive weapons. Escape from the

target area will be at a minimum altitude using terrain avoidance and terrain

following modes. Threat detection equipment will be monitored throughout the

mission. 904 gear avd air-to-air miissiles will be carried and esployed as re-

quired for protection.

It is assumed that the flight Director System (Mh) will incorporate data

iroo a satellite navigation system ant be caj..ble of accepting digital flight

plan data for automatic naviation and/or programed flight control at the

operator's option. In either case, flight plan data will normally be available

for display, either automatically or upon query by the atrerew.

For this mission, it is assumed that although programed automatic flight

plan, profile and weapon delivery infornation has bten prepared and stored in

the FDS, the execution of this mission phase will be controlled by the atrcrew. )

18



This assumption is based on the possibility that the navigation and target

charts may be in error, and the target data is out of date due to previous

restrictions relative to overflight reconnaissance.

The operational sensors utilized during Mission No. 1 are:

a. Forward Looking Radar

b, Forward Looking Infrared

c. RUIAW

d. ASIR

e. IFF/ST F

f. TISEO

g. Ground Mapping Radar

The operational weapons that' may be employed on Mission No. I are:

a. Bombs (conventional - high explosive)

b. Guided Missiles - Air-to-Air (target seeking)

In the remaining portion of this scenario the first-level functions are

further detailed to provide a baseline for the development of the second-level

functional flow diagrams. The first-level functions depicted in Figure 1

are now used to establish the major mission phases at the second level.

Sheets I and 2 of Figure 2 prasent the second-level functions and sequen-

tial flow of the mission operations described in this scenario.

In the following paragraphs, specific crew tasks are described in relation

to the mission progression and identify those operations which must be accom-

plished during a particular phase prior to entering the subsequent phase.

FUNCTION 1.1 - PREFLIGHT AIRCRAFT

The pilot and S.O. conduct a system check (go/no-go) following engine

run-up and aircraft checkout. This function is not broken out at the second

level functions, as there are no new or additional information requirements

generated by this function which would be displayed on the VDS.
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FUNCTION 1.2 LAUNCH AIRCRAFT

The mission aircraft is launched from the attack carrier in darkness in

near zero-zero conditions. Strike is scheduled to occur in darkness just prior

to first light before dawn. After the pilot and the systems operator

have performed all prelaunch checks and upon the signal of the deck officer,

the aircraft is taxied to the catapult. The catapult is attached and after final

cockpit checks, including the S.O.'s final update of the inertial guidance

system, the fpilot signals ready for takeoff. After catapult launch and release

the pilot maintains the proper attitude, safe altitude and retracts gear and

flaps. He then permits the aircraft to accelerate to best climb speed.

FUNCTION 1.3 - CLIM/DEPARTURE

This mission phase encompasses the climb inunodiately after launch and the

establishment of departure heading, alLitude, airspeed and systems configuration.

As soon as the aircraft has become safely airborne with gear and flaps

retracted, a climb is initiated. Pitch r.Ltitudes are varied to maintain

a safe climb speed in accordance witb the predetermined climb schedule

until reaching a departure altitude dictated by enemy defensive capability.

Here it is assumed the cruise out will be accomplished at 1000 feet absolute

altitude.

FUNCTION 1.4 - CRUISE-OUT

This mission phase encompasses the entoute cruise from the depark.,e point

to the penetration point where Early Warning (EW) contact may be ,.a.tad.

a. Upon leaving the departure point, the pilot establishes thý, pre-planned

cruise airspeed for the loiw-level flight altitude selected, het. assumed

to be 1000 feet. The flight plan headiuS and altitude is maintained to the

penetration point.

b. The system operator performs an in-flight check of l Systems• verifies

their operational status and places the FLR system in standby mode to

prevent early detection. The ASIR and RHAW (passive) systews will be o~t

and monitored by the S.O.
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p c. The pilot verifies the S.O. 's aircraft and avionic systems checks to

ensure that the aircraft can perform its primary mission.

d. Prior to the ETA at the penetration control point, the system operator

verifies the aircraft position from data supplied by the Flight Director

System (FDS) and advises the pilot when to start descent to the penetration

altitude.

e. The pilot "lets down" on instruments to the pre-planned penetration

aiti'ude, here assumed to be 100 feet absolute.

FUNCTION 1.5 - PENETRATE

This micsion phase encampasses the penetration of the enemy EW system

coverage and the coastal penetration over hostile territory where pre-ittack

activities are cownenced.

a. While letting down to the Eli penet-ation point, the pilot establishes
the penetration airspeed (1.2 m-tch). lie trims the aircraft to ainiatin

level flight upon reaching penetration altitude.

Ub. The crew selects pre-planned radar modes vhieh will be used in penetration
and atcaciz and places the radar eqtxpmeoc on standby until within

approximately 20 tur of the coastal penetration point. Upon reaching

this posirtion, the radar is enabled and the pilot ani S.O. adjust their

VOS's for the appropriat, radar imagery.

c. When the coastlime appeasa ou the pilot'si zand system Operatorts displays,
the pilot elstablishies the ;ýetetraet clwahoding and eltitude. The systen

Operator votifies thea posicion of tZIG aircraft at the coastal penetratiou

point, Updating thle FUS it roquirod.

4. sincib the rolasatcl phvi1n over 'which paeotzration is to be made Consists of
low roll'ng hills, terraio folloving at the pre-plautwd altitude, here

aasmed to be 250 feaet i6 established.



FUNCTION 1.6 - PRE-ATTACK (AIR/GROUND WEAPON DELIVERY)

This mission phase encompasses the approach to the initial point (IP), the

acquisition of the IP by the on-board sensor display(s), and the establishment

of the .. ciding and flight conditions and equipment configurations to successfully

complete the weapon delivery.

a. On the approach to the IP the pilot maintains thhe pre-planned clearance

aver the terrain, holding the flight plan heading and airspeed.

b. The system operator monitors the mission progress. Based on the flight

plan estimated time of arrival (ETA) for the IP, he anticipates itL

appearance and configures the FLR for acquisition of the IP. The IP,

assumed to be au island in a large lake, has been selected for its unique

radar features.

c. After configuring the FLR equipment for optimum ground feature presentation,

he monitors the F1R display in ocder to acquire and identify the IP. When

he detects and identifies the IP as briefed, he refers to the flight plan

coordinates of the IP, Qomparing the NAV systemt coordinates with the given

coordinates. As the 4ircraft passes close to or over the I?, the systemi

operator updates the inertial navigation system, or verifies the accuracy

of the NAV system coordinates as bein within an acceptable tolerance limit.

Just prior to passing over the IP, the pilot is provided with the new

required heading for the target. Tf the XP was not made good (passing to

the side), the flight plan heading will be *djued to ct-•pensate for the

deviatio i0 track, and tth new heading (adju,ted) will he provided to thle

pilot. Updating of the NAV system may also be atccatishod eiroute by

reference to the Satellite Navigatlon ysrem doate.

d. uj~ing the hjeading data pý:ovtded, the pit. it establishes the new- heeding

atnd attitude for initiatingt the target approach. In order to minitiae

ike chlntce for acquLsition by ground defensive XN systems, the pre-planr.ed

miniomm s&ae altitude is matntaeLnd usil t errain foElwing and terrain

avo dantce =Wdes. Smto;, abatenant prT.cedzures ar'i initiated by the ipilot

to re&uce the eircrakt•s visible signature prior to entering thp target

are a.
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e. While the pilot is establishing the new heading, the system operator

I configures the WDS for the pre-planned attack. Here it is assumed that

conventional weapons such as the MK-82 (high drag) will be used against

the target. Bombing approach, release altitudes, airspeeds and weapon

ballistic data are determined and the preplanned data are verified. The

pilot confirms the WDS selections and preset data, enabling the system

when all delivery parameters have been verified.

f. After configuring and verifying the WDS selections, the system operator

configures the FLR and FLIR sensors for acquiring the target and deliver-

ing the weapon. Two sensors, working in conformation with each other,

have been selected as the optimum target display. The FIR was selected

in order to be able to acquire the target at sufficient range to insure

the proper approach course. The FLIR was selected in order to provide

additional detail (resolution) in the target area so that a specific aim-

ing point can be identified. An added benefit of the FLIR is that it is

passive and may be used for final aiming point refinement in the event

the enemy should employ ECM against the FLR.

g. After configuring the FLR/FLIR equipment and verifying their operational

status, the system operator searches for the target area as it may be

observed on the attack approach. It is not expected that the target

will show until increase in altitude (pop-up) is made at approximately

8 nm from the target. The time to pull-up has been computed from the

IIP as a control point and is contained in the pre-planned mission data.

FUNCTION 1.7 - BOMB ATTACK

This mission phase encompasses the final run into the target area, the

detection, identification and selection of the target aiming point, weapon

release and aircraft withdrawal maneuver after "bombs away." Using a low

level attack with a pop-up'maneuver executed approximately 45 seconds prior

to weapon release, hostile reaction time is minimized, resulting in an in- '

creased probability of mission success and aircraft survivability.

a, In conformance with the flight plan, a "pop-up" is made to the pre-

determined nititude at the indicated time. The pilot during the pop-up1

reduces airspeed to approximately 0.92 Mach. At level-off altitude,
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airspeed is stabilized for the run to the target. With the increase

in altitude, the target is to be illuminated by radar. The system

operator detects and identifies the pre-planned target, providing target

designation information to the pilot.

b. The pilot, using the target designator information locates the target

and initiates target tracking, entering the requisite 10 degree dive for

the MK-82 weapon. The system operator confirms that the aiming point

has been located. The FLR data display provides target ranging informa-

tion, while the FLIR data display provides additional tar3et detail for

accurate aiming point positioning.

c. After confirming that the pilot has the aiming point precisely located,

the system operator monitors the RHAW and ASIR for possible air inter-

cept by hostile aircraft and/or surface-to-air missile launch.

d. As the aircraft closes on the target, the pilot continues target tracking,

initiates the final aircraft alignment with the target, and releases

the weapons. The syitem operator confirms weapon release by reference

to the WDS data. After "bombs away" the pilot takes the pre-planned

evasive maneuver to clear the target area. The system operator con-

figures the FLR for terrain following/terrain avoidance mode.

FUNCTION 1.8 - POST ATTACK

This mission phase encompasses clearing the target aren, including torget

damage assessment if visibility permits, and communication of the strike report

if required in the mission plan.

It is assumed that during the evasive maneuver after weapon release, the

S.O. will verify weapon detonation on target, and will make whatever target

damage assessment is possible. These data are then prepared for strike report

transmission. As the pilot rolls out on the escape heading providead by the

flight plan, the WDS is placed in SAFE configuration by the system operator,

and verified by the pilot.
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FUNCTION 1.9 - ESCAPE

This mission phase encompasses the low altitude escape from the target area.

It includes establishmeut of the escape mission heading, altitude and airspeed as

pre-planned. Monitoring the RIHAW equipment for detection of enemy counteraction

is essential during this phase.

a. While clearing the target area, it is assumed that the pilot accelerates

to 1.2 Mach. After rolling out on the required heading, descent to the

pre-planned escape altitude is accomplished. A minimum safe altitude

above the terrain is maintained.

b. The system operator, using the target area as a departure point, determines

and verifies the escape cours-i/heading and provides the pilot with heading

information. Both the S.O. and the pilot monitor the RUAW equipment for

hostile enemy aircraft and/or surface to air missile activity. It is

a.ssumed that the system operator detacts radiation from possible enemy

.irctrait cin the forward sector and notifies the pilot ot the potential

threat. Upon detecting a, signal indicating air-to-air scan and lock-on,

jaiinp of the threat 11 immediately attempted. If the jamming is

(successful, the aircraft continues its pre-planned escape. If, however,

the jamming is not suecesisful, the pilot must make a decision whether to

aztaýk the poteontial threet or accelerate to mw.imum speed antd attempt

evasive m4anuve rs. Since it is probahbl that the threat is -n enemy high

&ltitude interceptor oqulpped vith moving tartgt "look dow" radar and

"ith00t douwn" missiles, the, tdlot decýidoes chat. he rtust attempt toe destroy

the thr•at with countearir &fiAilas. As*uming the potent tal ;hreat i.

indeed an qoemy, anvd 'assuthtnic that the counteroir actionl is s-uccessifujl

the aircraft rek&,aktýs itx pre-plokored escape. (Theo 'air-to-atr attack

hmnct ions 1.10 - 1.12 felloVw thist function.).

c, After co~vletingi a successful air attack, the pilot reg-LestablItshes; the

heetling for the coa.t-out polnt, mtaling A rapid densout to continue a low- 4
level escape. Thoug~h it vould be olvante-geous, frý.o, a fueil zonietvatloti

st#w3pointi, to exit ot higai. altitude, hostile surface-to-air mis'sile

d.Tlnsoeý dktate a 1kw- levol escape to the coast. Ifter descent, terraiti

- and av•idance tawctics are e'ployed uslaja the rtsq as the Primary

piletit• .�-g, The sy3t"m *perator continues to ,monitor the RHAVW and ASIR

t -;or ThJ-ist IOns of hojtile activity, and assists the pilot in low allitude
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d. As the mission aircraft approaches the coast, the FLR provides a display

of the coastline and a departure fix is established by the syste.'i operator. 0
As the coast is crossed, the system operator provides the pilot with a

new heading, safe altitude and ETA for the marshaling point. The pilot

establishes the new heading and altitude, and reduces power to optimum

cruise airspeed.

FUNCTION 1.10 - PRE-ATTACK (AIR-TO-AIR)

This mission phase encompasses the preparation for an air-to-air attack

using long range missiles.

a. In preparation for the attack against the possible enemy aircraft, the

pilot configures the radar system for air search and initiates a pull-up

into a maximum rate climb using appropriate power settings. Concurrent

with the pilot's action, the system operator configures the TISEO system

and checks his IFF equipment configuration status. Subsequently, the

system operator configures the WDS for a missile attack.

b. Upon completion of these tasks, the pilot confirms the WDS weapon selection

and arms the system. The system operator and pilot continue to monitor'

the warning display for radiations indicating bearing to the target and type

of hostile action/intent. As the mission aircraft climbs, the search for

the possible hostile aircraft continues until radar detection is accomplished.

FUNCTION 1.11 - MISSILE ATTACK

This mission phase encompasses the detection, identification, interception

maneuver and missile launch at the hostile aircraft.

a. Thi search for the possibis hostile aircraf, continues until detection

is tmade by the intercept radar. Upon detection, the pilot maneuvers

the aircraft for position advantage so that a missile may be launched.

The attack cannot be made until the aircraft has been identified as

friendly or hostile. Since friendly aircraft are known to be flying cover

•o" this sortie and other sorties in the assault area, positive identifi-

cation is required. The system operator interrogates the possible hostile

aircraft with IFF/SIF and attempts visual identification with TISEO. The

pzesenca of scattered clouds prevents TISEO acquisition. The results of )

IFF/SIF interrogation are negative.
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b. Since no response is received from the unknown aircraft, it is presumed

as hostile, the decision to launch a missile is made by the pilot. When

the mission aircraft has maneuvered into firing position as determined by

the intercept radar, the missile is launched. The pilot elects to continue

closing after the launch of the first missile in the event the second

missile is needed.

FUNCTION 1.12 - POST ATTACK (AIR-TO-AIR)

This mission phase encompasses the determination of the success of the

attack (hostile aircraft disablement or destruction), the search for additional

hostile aircraft and the continuation of the mission back to base.

a. Several seconds after launch of the missile, the radar on the hostile

aircraft terminates transmission and the single radar blip is replaced

by several small returns on the intercept radar display. Immediately,

the pilot terminates the intercept maneuver, turning to the heading

j previously being flown and descending to terrain clearance altitude.

b. At this time, both the pilot and syscem operator check and verify the

status of all aircraft systems. The system operator returns the WDS to

SAFE, and his action is verified by the pilot. A search for other air-

craft in the area is continued as the mission aircraft proceeds to the

coast-out point.

c. While continuing the search for other aircraft, a contact is made;

however, on interrogation, it is determined to be friendly and from

the approximate range and distance it is believed to be part of the

friendly air cover being provided the attack force.

FUNCTION 1.13 - CRUISE-BACK

This mission phase encompasses the enroute cruise from the EW linc to the

marshaling point.

a. At a predetermined time, the S.O. establishes contact with the Combat

Information Center (CIG), is interrogated and identified, and receives

bearing, range and altitude information to the marshaling point.
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b. After coast-out, the pilot establishes a specified altitude cruise con- -.

figuration to the marshaling point which is beyond the enemy EW line.

c. The system operator continues to monitor the RHAW and ASIR equipment

for possible enemy interception. At the option of the CIC, and depending

upon fuel state, traffic, and other variables, the CIC may clear the

aircraft for landing or have it hold at the marshaling point.

FUNCTION 1.14 - CARRIER RENDEZVOUS

This mission phase encompasses the arrival at the marshaling point, the

holding pattern or immediate letdowm to landing pattern altitude, and initiation

of the Carrier Controlled Approach (CCA) system. Weather in the area is such

that an instrument approach and landing is required.

a. After coast-out, a cruise configuration has been maintained. Communica-

tions contact with the CIC was made and the aircraft identified. At

the marshaling point, all returniing aircraft may be held in patterns at

specified altitudes until cleared for carrier landing. Upon reaching the

marshaling point, the CIC provides the pilot with the holding pattern,

airspeed and altitude information, or turns the pilot over to CCA for

approach. The pilot may verify position by reference to the FLR display

which has picked up the task force.

b. Upon being cleared by CCA for carrier approach, the pilot configures

the aircraft for landing. The SO. verifies the configuration is correct

for landing. The pilot establishes the specified penetration airspeed,

heading, and rate of descent, following the instructions of the CCA

controller.

FUNCTION 1.15 - RECOVER AIRCRAFT

The mission phase covers the CCA to carrier landing from departure peint

of the marshaling area to taxi and system shutdown onboard the carrier ueor

instrument flight conditions.

a. After configuring the aircraft for lanling and establishing the approach

airspeed, heading, and rate of descent, the pilot and. S.O. continue to

monitor the VDS and to correct flight path deviations. The S.O.'s plimary
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responsibility during this phase is to assist the pilot by monitoring

U the various aircraft subsystems and verifying that the airspeed, heading,

angle of attack, and rate of descent is in accordance with displayed

commands.

b. The pilot makes corrections to flight path as required) and continues

his approach until he receives a "wave-off" command or until his tail

hook engages the cable. After successful arrestment, he taxies to the

designated point on the deck for system shutdown immediately upon cable

release. The S.O. shu" down all unnecessary subsystems while the air-

craft is being taxied, and assists the pilot in securing the aircraft

after engines are shut down.

FUNCTION 1.16 - POST FLIGHT

This function is not broken out at the second level, as there are no

additional information requirements generated by this function which would

be displayed on the VDS.
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1.5 MISSION NO. 2- EXECUTION DESCRIPTION

Figure 3 depicts the second level functions, the mission profile and the

mission plan for the Standoff Weapon Attack/Interdiction Mission (first-level

function 1.20). The flight profile associated with each mission phase is

shown above :he applicable functions. The vertical phantom lines indicate the

scope of the individual first level mission phases as referenced along the bottom

of the drawing.

The format of Figure 3 is slightly different from Figures 1 and 2 in

two aspects. First, a two element flight consisting of the attack aircraft

delivering a standoff weapon, and an ECM aircraft (ECM a/c) which provides

additional electronic countermeasure and defensive capability, was postulated

to exercise stationkeeping requirements and formation flying interactions.

The ECM aircraft functions are shown as dotted blocks above the concurrent

time/sequence functions performed by the Standoff Weapon aircraft (SW a/c)

pilot. Secondly, reference functions were introduced into the pilot and

system operator flows to minimize repeating the mission functions which are

redundant with those depicted in the Second Level Functional Flow Diagrams

foz Mission No. 1 - (Bomb Attack). Examples of these referenced functions

are: 1.13 Cruise Back and 1.15 Recover Aircraft. Again, to avoid redundancy

it was assumed that the functions associated with Launch Aircraft, Climb/

Departure, Cruise Out and Penetrate were identical to those developed for

Mission No. 1, with the exception that this mission utilizes a preprogrammed

flight plan with the Standoff Weapon aircraft flying lead and the ECM aircraft

as the wingman. The "join-up" and "stationkeeping" functions, which would

have occurred prior to the Penetration Phase are developed in the Post Attack

and Escape Phases, where these functions are repeated.

Section 1.5.1 contains a brief outline of the 1985 Standoff Weapon parameters.

This weapon is entirely hypothetical and includes several control options which

utilize the display capabilitLies at the System Operator's cruw station. As the

control options for the Standoff Weapon were developed, the similarity of the

information and control/display requirements for this weapon system and a remotely

piloted aircraft (RPA) were noted. By substituting variable thrust for the

constant thrust postulated and coordinated turn (Roll) information in place of

A
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yaw information, the majority of the information requirements for a reconnaissance

0 RPA could be derived. This type RPA mission could be developed as an alternative

to the first level Reconnaissance Function 1.17 which may include an RPA (directed

by the attack aircraft S.O.) containing sensor equipment and

mission system. The attack aircraft would perform the launch and also provide the
"relay aircraft" function

mission.

The Standoff Weapon Scenario contained in Section 1.6 includes several
"unplanned" events such as a surface-to-air attack, air-to-air refueling and

assignment to a holding pattern to allow for the recovery of damaged aircraft.

However, all aircraft systems are assumed to be in a "go" condition from preflight

through recovery. All supporting shipboard and airborne systems, such as the

Auto Carrier Landing System and CIC are assumed fully operational and in a
"go" condition.

1.5.7 Weapon Parameters

The Standoff Weapon conceptualized for this mission is based on the range,

(• speed and guidance parameters described in the November 1965 issue of SPACE/

AERONAUTICS magazine. The additional parameters are extrapolated from these

data. The weapon control options selected for this mission include a zero-

zero launch, manual midcourse guidance using the TV sensor for area naviga-

tion. vibual target acquisition and terminal guidance, in order that the

display parameters can be fully exercised. The Standoff Weapon parameters

utilized in Scenario No. 2 and depicted in Figure 3 are as follows:

Range: 50-70 nm

Thrust: Constant

Speed: Mach 1.5 to 2.5
Guidance' Hybrid (inertial or manual/TV) with auto-inertial updating

by navigational satellite

Control Options:

a) Launch: Visual/manual or blind/auto

b) Midcourse: Visual/manual or ý,isual/auto

0) Terminal: Auto a•fter target aiming point designation, or
visualh/itnual tracking to impact

d) Terminal Autotrace(-s: Edge seeker, spectral contrast seeker,
or E/O correlatLion se,'ker
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Variable TV Sensor Viewing Parameters:

a) 30' wide-angle option with 450 lateral slew around centerline

and 12-1/2' (boresight) to 750 lookdown angle at operator's option.

b) 50 to 100 long range acquisition with 450 lateral slew and 00

(boresight) to 300 lookdown angle at operator's option.

Display: Provides for either a blind launch and midcourse flight utilizing

inertial guidance, or a visual launch and midcourse flight using

either auto or manual control, or combinations thereof. The

VDS displays sensor image and flight status, while the HSD may

be slaved to the Standoff Weapon and indicate (weapon) present

position on moving map or radar ground mapping display.

Controls: Two hand controllers are provided for control by the S.O. when
in manual mode. The right hand controller provides for up/down

(pitch) and right/left (yaw) attitude changes similar to the

responses to an aircraft control stick. A pushbutton on the top

of this control enables manual control when depressed and target

designation and subsequent auto control when released. Inadvertent

release of the designation pushbutton would not result in a dive

maneuver when the FOV lookdown angle is in excess of zero degrees

(boresight). The left hand controller provides sensor/boresight

alignment in the aft position and directs the sensor field of

view (FOV) down to a 750 maximum lookdown- angle at the full

forward position. Twisting the control handle to the le.ft moves

the FOV to a maximum of 450 off-axis to the left and a twisting

motion to the right provides a corresponding off-axis to the right

view. A spring detent provides pressure to return the control to

center and tactile feedback when the sensor optics are on missile

lateral centerline. An alternate action thumbswitch provides for

changing from 30O (wide aeple FOV) to a 50 to 10Q (acquisition

FOV) angle. If electro/optical zoom is feasible, a thumbwheel in

place of the switch would be provided for continuous FOV control.

The maxir:ium position in one direction would provide maximum wide

angle FOV, while movement to the other oxtreme position would

provide a narrow/long range FOV.
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I 1.6 MISSION SCENARIO NO. 2

The Standoff Weapon Attack developed in this scenario is representative of

a type mission which might be planned and executed in support of Naval operations

in any theater. In this example, it is assumed that a carrier attack force is

committed to support an amphibious assault which has been scheduled to

commence within 24 hours of launch. Pre-assault interdiction and air superiority

strikes are carried out against the enemy's control centers, airbases,

defenses, missile sites, logistics and transportation routes in the assault area

to isolate the beachhead. This mission is a daylight attack against a heavily

defended, high priority target at maximum a/c range. A realistic fuel safety

margin is provided. A Standoff Weapon attack is selected to provide the

greatest measure of aircralt survivability. The weather at sea during launch

and recovery is forecast to be 10/10 obscured with a ceiling of 500 feet and

I mile visibility. Weather cnrzut• to the Initial Point and Launch Point is

forecast to be 8/10 obscured with the tops of the clouds extending to 12,000

feet. The target area is forecast to be clear with visibility 10 to 15 miles.

The terrain between the coast and the target consists of level terrain, low

rolling foothills, and several siall mountains with elevations to 6,800 feet.

To take 4dvantage ot tho ele,-ent of surprise, a low altitude aircraft

approach to the weapon launch point has been chosen. The ponetration route has

oeen selected so that a 1ot altitude approach can be made using terrain following

and terrain avoidance modes te the Initial Point. Thi target area is expected

to be heavily defended by surf4ae-co-aIr missiles and antisircraft artillery.

A low altitude launch of the %w-eapon with a pop-up maneotmr near the- target has

also been planned to reduce the tjim the. enenmy has to acquire the weapon and

defend 4galnst its delivery. The preplannied weapon launich vili be madoe outside

the naxlm-tti rante of Lite t-artot area difenutvg -isiles. 40causxe of the vulrrr-

ability of the Statuoff tvapotn aircrafY,(t (Si a/c) during penetratio,, dolivery,

and escape, an Electronic C-inter N$sasures aircraft (UQN h/c) accoltrions th1

SV a/c a% a ving~an.

Just prior. to thig rmission, several defense suppregsiot' xorties Were scheduled

to attack SAN site. uiiich are on the- r-oute to a#4 Iron the Standoff Weapon launch

point lor the h3gh priority tar'et. All ol these sorties ecpt otne were effective.

1' 4
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One SAM site on the escape route of the SW a/c and ECM a/c remains partially

effective and may be capable of a SAM launch. Recognizing the possibility

that one or more sorties may incur a distress situation, air-sea rescue and

tanker aircraft are standing by just off the coast.

For this mission, it is assumed that programmed automatic flight plan data,

profile data and weapon delivery information have been prepared and stored in

the airborne computer memory, and that appropriate mission phases will be under

automatic control.

Escape from the target area is programmed for minimum altitude after the

SW a/c joins up with the ECM a/c. Threat detection equipment is monitored

throughout the appropriate mission phases.

The operational sensors utilized during Mission No. 2 are:

a) Forward booking Radar

b) Forward Looking Infrared

c) RHAW

d) ASIR •

e) IFF/SIF

f) High Resolution nT

g) Ground Mapping Radar

The operacional weapons that may be employed on Mission No. 2 are:

SW a/c: a) Standoff Weapon/Nuclear Warhead
(Hypothetical system operation described in 1.5.1)

b) Guided Missiles - Air-to-Air (Target Seeking)

ECM a/c: a) Guided Missiles - Anti-Missile Type

b) Guided Missiles - Air-to-Air (Target Seeking)

The following Paragraphs detail tLe crew tasks and operations relative to

the Standoff Weapon Mission. The •'SW" suffix has been added to those functions

which are identical, or similar to, the same first level functions/mission phases

occurring in Mission No. 1 Scenario and associated Functional Flow Block Diagram.

FiguLe 3 presents the second-level tunctions and flow of the mission

operations described herein.
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FUNCTION 1.1 SW - PREFLIGHT AIRCRAFT

This function is the same as Mission Scenario No. 1, Function 1.1, Preflight

Aircraft.

FUNCTION 1.2 SW - LAUNCH AIRCRAFT

This function is the same as Mission Scenario No. 1, Function 1.2 - Function

1.2 - Launch Aircraft.

FUNCTION 1.3 SW - CLIMB/DEPARTURE

This function is the same as Mission Scer.ario No. 1, Function 1.3 - Climb/

Departure.

FUNCTION 1.4 SW - CRUISE-OUT

This function is the same as Mission Scenario No. 1, Function 1.4 - Cruise-Out

with the following additions:

a) After verifying that the aircraft can perform its primary mission, the

pilot verifies that the ECM a/c which is to occupy a wing position and

is launched subsequent to Ohu SW a/c, has made contact and is closing

from the starboard side.

b) Rendezvous with the E( ah/ is accomplished without incidoot and both

aircraft descend on instruttents to the proplanetd penotratio aop!i.de.

Note: Rendezvous proceduras used during this- pha•;c ao describd in

Function 1.9 SW - Escape.

FUNCTION 1.2 SW -, PFh L

This function is thc sa=- aa Xlssioo Scnrio No. 1. Function 1.5 - r

kFVNCT(ON 1 .6 SU* - PRKF-AflA(,l (STANIWFf VI1LA!PO'N)

N~otc.: Prior to starting Fuoctioo 1.6, iti% ag4;u~net that. the "oeralio~
altitude, airspeed and hezidiog iav boeot otab~lighed ;;nt Olat lh1'r
auatic f~light prrati the Flipht Direcor Syxte" atWd the navi-
gation aystezt are operatitg satisfactorily.

SThis; t~. lphase encovapasse the Approach to the Initial Point (11). t3 acqui-

sition of the IP using the on-bo.rd gentsor d4gplav(s), a ch,•ck On the rlirht

4Director System (FtUS) perfor-ma.r , preparation for the attack phase, a hr'e! in
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stationkeeping by the ECM a/c (wingman), and a pop-up and heading adjustment

just prior to the weapon release point. A low level terrain following/terrain

avoidance approach to the weapon release point was planned, to minimize the

chance for acquisition by ground defensive Early Warning (EW) systems. The

pop-up is executed to provide clearance above highest terrain and to insure

line-of-sight with the weapon after release.

a) On the approach to the IP, the pilot monitors the mission progress, monitor-

ing the preplanned terrain clearance, heading and airspeed. The pilot

verifies that the ECM a/c is maintaining formation.

b) The system operator monitors the mission progress. Based on the flight

plan estimated time of arrival (ETA) at the IP, he anticipates its

appearance and configures the FLR for acquiring the IP. Upon acquiring

the IP, the -ystem Operator (SO) refers to the flight plan coordinates

of the IP and compares his present position with the flight plan coordinates,

thereby verifying that the FDS is functioning according to plan. A Navi-

gation system update would be made at this time if grid coordinates of the

system and the IP did not agree. As the IP is made good on ETA, the SO

verifies the new programed coctznd heading required and the indicated pop- -

up time. The pilot monitors the FDS pre-launch heading change, The ECM
a/c breoks stationkeoping and executes a climb to the preplanned orbit

altitude.

c) Upon receiving the pop-up comand the pilot manually executes the maneuver
to the pro-planned weapon release altitude. Upon reaching the pre-launch
attitude the aircraft is leveled-off and a new airspeed is established.

The FPS is re-engaged for automatic progra~md flight. During the pop-up

the SO configured the IaS for the automatic launch of zhe SW. After
configuring the VDS the SO verifies the weapon status and enables the

arzing switch on the wapon control panel.

While the SW a/c was climbing and establishing the new heading, the ECC a/c

cllme-d above the SW a/c and prepared to establish an orbit and monitor etemy

electronic activities for hostile intent or action.
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FUNCTION 1.20 - STANDOFF WEAPON ATTACK

This mission phase encompasses the run to the Launch Point, the automatic

release of the weapon, the midcourse guidance monitoring of the weapon, a

weapon pop-up to provide target acquisition visibility, and terminal tracking

or homing of the missile on target. By employing a low level attack with a

pop-up maneuver executed approximately 45 seconds prior to weapon arrival on

target, hostile reaction time is minimized. The weather in the target area

is forecast to be clear, however, on the approach to the target, low broken

clouds hanging over the hills will necessitate a "blind" weapon launch.

a) After the pre-launch attitude, heading and airspeed were established,

the pilot confirms the WDS selections made by the SO as conforming

to the pre-planned attack data. After the confirmation, the pilot

enables his weapon arming switch in order to affect release of the

weapon. (Two arming "votes" must be set-in for release and weapon

dotonation). As the run to the Launch Point progresses, the pilot

monitors the pre-planned launch heading, altitude, airspeed, and

monitors the ASIR and RRAW systems for indication of enemy threat

activity.

b) After verifying weapon readiness, the SO verifies that the SW a/c

launch-envelope parameters are satisfactory for a successful launch.

Since the weapon will be aucomatically released at a pre-programred

point, the SO monitors the Time-To-Release countdown. The SO also

sets the video viewin& angle (field of view) on the weapon to a wide

angle setting so as to it.sure that the uensor will be able to pick

up the first navigational checkpoint when the weapon breakl into

clear air enroute to the target.

c) At the pre-programod time and position the weapol Is automatically

released in an auto/inertial mode. Both the pilot and SO verify the

weapon release and confirm that a comund link to the weapon has heen

established. Since the weapon was released blind, the SO co nds

the weapon to transmit a short video test signal to confirm that thr,

vi•ec link is also establighed.

J) After verifying that both t•ie comcnd link and video link are operating

satisfactorily, the pilot performs the pre-1lanned post launch nmopuver.

climbing slowly to rin~ain line of sight with the weapon. The ,kl

I monitors the video display for indicatiom that the weapon has broken
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out into the clear. In anticipation that a course correction may be

necessary, the SO configures for manual control. As forecast, the

weapon breaks out of the clouds in time to pick up an image of the

navigation checkpoint. The SO id&ntifies the checkpoint, verifies

that it is the correct point, and prepares to make a course correction

if indicated.

e) While the pilot is maintaining a watch for enemy electronic activity

and maintaining data link lire of sight with the weapon, the SO pre-

pares to command the weapon to execute a pop-up maneuver. The weapon

program provides countdown data for this maneuver. When the SO

receives the pop-up command, he controls the weapon for execution of

the required maneuver. While in the climb, the SO resets the video

field of view depression angle so as to maintain an appropriate horizon

reference by adjusting the "look-donn" angle as the climb/descent angle

is changed. While maintaining the optimum (wide angle) field of view,

the SO searches for the target area and target.

f) As expected, the SO locates the target area and gross tracking correc-

tions are made, as necessary. A switch to a narrow field of view

(FOV) is made to enable detailed evaluation of the target area and

acquire the specific aimi•g point. In the narrow FOV t.ode, the target

and aiming point are positively identified and fine steering corrections

are made as necessary to aligo the weapon on a proper trajectory.

g) At thiO point, with the weapon properly aimed at the target, the SO

has two option.. The first option is to continue tracking the aiming

point and manlly guiding the weapon to impact (detonation). The

second option ts to select the homing ode, where the target and aiming

point is designated for the weapon with the So monitoring the weapon

flight to impact. In this case, it is assumad that the SO selected

the manual terminal guidance option, and continues to guide the

weapon toward the target. Hloever, with approximately 15 seconde to

go, the SO receives a warting that the conmand and video link signal

strengths are deteriorating (due to line-of-eight interference) so he

elects to switch to the homing mode for the final terainal guidance

and initiates the auto track/seeker mode. Weapon detonation %t target

was 
determined.39



FUINCTION 1.8 SW - POST ATTACK

This missin i phase encoupasses a breakaway maneuver after verification of
weapon de;onation, securing of the 10DS, and transmission of the strike

report.

a) When the weapon detonated, all signals from the weapon terminated.

In the final phase of the terminal guidance the SO was able to moni-

tor the trajectory into the target and verify it %.as on the aiming
point. When transmiasion terminated the SO configured the 14DS safe,

and the pilot verified the condition.

b) At this tlsw a breakaway maneuver was executed in the direction of
the rendezvous point where the SW? a/c will pick up the FEM a/c for

a return to the carrier. As the pilot rolls out in the appropriate
direction, the SO transmits the strike report to an airborne CIC.

_.R'NCT!ON 1.9 SW - •C.F

Thia mission phasq en•ompagse the escape fiam the target area, rendezvous
C with the h s/c, engagcvent by an elemy surface to air missile, escape

Wnellverst and low altitudte fligtn to Cho ec*4$t%;rv poitit. fuioi~o

the RILW/AMlR equlp~ant for' dt-toctjkon 'ýf QnttdVctanýacin4'eset

durins this phAse.

a> Alter Oxecutilig tit br~ak"av4 maneuver the rT)S providez the pilot
'With a-avIgstlan intfO~rstio (otr rog-de-rvou; with tilt Ft"., 4/C. TheV
MM' 41c, c*vhtQU; the strik* frapaeicy, aoe Cht th%54 a/ It

cOrflere$ the attAck. At this time thev F-m 41 breaks orbit mn dw

preicned r~nazsh04din;. Th Si~ a/c pilot (con! lgwors 90enser-
'gil diaplay fbr *tatioo keeping vAotk end establishes contct with the

814a/c.

h)Ae."ezvosjs is zinw aSU Ie$Ca/C sl4i~Ve.. in xi the 901) /.c'5 vjngý atM,

t~antansthi psitin.- Th1iji 1Iight eletrenr cowgrainVar pro-
pl~ncw slccenomvv aircraft ciiycnb xpcw nteecp

route 'AM the 4(11 a/c 4A cvfiu t ci h air-to-air .rj~~r ~ n,
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c) A descent for a low altitude terrain following maneuver is started.

During the descent, enemy SAM activity is detected. While the enemy

SAM was searching, no action by either aircraf, was initiated but when

lock-on/tracking mode signals were U tected, thE ECM a/c initiated

countermeasure activity to break lock and the SW a/c maneuvered to

take up a defensive station position and activated onboard EU.1 equipment.

d) it is assumed that the aircraft were unable to break the SAM trak!, lock

and two enemy missiles are launched. The SW a/c monitoring the threat

immediately initiates evasive maneuvers while the ECM a/c prepares for

and executes an anti-missile attack. After launch of the AAM's against

the SAM's, the ECM a/c also tries to evade the missiles by maximum G

load maneuvers. The AAM attack on one SAM missile is successful, while

the other missile causei moderate damage to the ECH a/c. The SW a/c

is not damaged. After assessing the damage it is decided that the

SW a/c will ass.ume the lead and the EGN a/c fly on the wing. Sensors

and displays on the 'E'0 a/c are configured for stationkeeping and the SW

a/c pilot configures for low level flight contitions with reduced airspeed.

The SO transmits a battle damage message to the CIC. As thd flight is now

encountering weather, the SW a/c configures the wultimode radar and cockpit

display for terrain avoidance mode with the SW a/c in lead and the ECH a/c

station keeping on the wing.

v) After the SW a/c astmes lead the activities performed are the same as functions

1.9.3 through 1.9.5 and 1.9.9 through 1.9.13 shoen and described in

mission I Scenario.

FUN~CTION 1.13 SA - CRUMS WK

This mission phase is the sa&= as Mission Scenario #1. Function 1.13, VIth the

follwing exceptio.:

a) he FDS is mainLained in th* automatic mode (preprogra'aed flight) as the

Control Point it reached At this time the A/C performs the preprograed

climb maneýer,O cl~tzz ýi new altitude and establishes headin for

tiContro) 7,:Ant$



b) The ECM a/c breaks stationkeeping upon receipt of clearance for

rendezvous and immediate recovery on the car7rier due to battle damiage.

c) The SW a/c pilot is notified by CIC that a delay in recovery will

necessitate air refueling, prior to proceeding to the marshaling control

point. After the EDM a/c breaks formation, the SO receives a clearance

for change in flight plan a:id is direcLed to proceed to the air refueling

arec.

FUNCTION 1.14 SW - CARRIER RENDEZVOUS

This mission phase encompasses a change in the flight plan, rendezvous with

the tanker, air refueling operations, and establishment of a holding pattern

at the marshaling control point until cleared to land.

a) After receiving a clearance to proceed to the air refueling area, the

SW a/c pilot rernrigures for manual control and starts a climb to a

new altitude in . acation for the rendezvous with the tanker aircraft.

new heading and ETA at the refueling area is provided by the FDS

by selecting "Refueling Area" as a new flight plan objective. With this

data, the pilot establishes the conmnanded altitude and airspeed (power

setting) for tanker rendezvous.

b) While on course for the refueling area, the pilot configures the aircraft

sensors and display for acquiring the tanker in preparation for refueling.

The SO verifies the ETA at the refueling area where hook-up with the

tanker will be made. As the SW a/c npproaches the refueling area, the

pilot searches for the tanker and verifies that the tanker beacon has

been acquired. As the pilot maneuvers the aircraft into refueling

position, the SO monitors the 'oommunication channel with the tanker and

0IC.

c) Upon hook-up with the tanker, the pilot maintains the proper position

until refueling is complete, then breaks contact and heads for the

marshaling point. While refueling operations are in progress, the SO

performs fuel management operations until the required amount of fuel

has been transferred.
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d) Enroute to the marshaling point, the CIC advises the SW a/c crew that

the aircraft is to establish a holding pattern at a pre-determined point

referenced to the marshaling control point. The SO acknowledges the

message and the pilot establishes a new heading, altitude and airspeed

in preparation for entering the assigned holding pattern.

e) At the designated orbit point, verified by the SO, the pilot flys the

assigned holding pattern until advised by the CCA to break and descend

for recovery and landing. The SO monitors the RHAW/ASIR for threat

detection during the time the a/c is in the holding pattern. At this

time, the pilot configures the aircraft for recovery. The SO verifies

the configuration and acknowledges the CCA message, confirming the crew's

understanding of instructions. The aircraft then proceeds to the carrier

and enters the landing pattern.

FUNCTION 1.15 SW - RECOVER AIRCRAFT

This mission phase covers the carrier-controlled approach and landing maneuvers

from the departure point of the holding pattern to taxi and system shutdown

onboard the carrier under instrument flight conditions. The crew functions

performed are the same as Function 1.15 - Mission Scenario #I.

FUNCTION 1.16 SW - POST FLIGHT

This function is not developed at the second level, as there are no additional

information requirements generated by this function which would be displayed

on the VDS.
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0 1.7 INFORMATION REQUIREMENTS ANALYSIS

Following the identification of the second level functions and the allo-

cation of these functions to the pilot and/or Systems Operator for Missions 1

and 2, the Information Requirements (IR) Analysis was initiated. This analysis

consisted of the following tasks:

a. Identify specific information required by the pilot and/or the S.O.

to accomplish each second-level function identified in Functional

Flow Figures 2 and 3.

b. Validate the identified study IR's against similar analyses.

A list of potential information requirements was developed specifically

for the VDS study. Other pilot information requirements studies, such as the

Northrop P530 study, were reviewed to assure that the preliminary IR list was

sufficiently comprehensive. The major categories (flight, navigation, propul-

sion and configuration) used in JANAIR Report No. 680505(1) were retained to

facilitate the subsequent validation task.

Information Requirement Worksheets were prepared for each first-level
S function (Mission phase). Figure 4 shows an example of a completed worksheet

for Function 1.9 - Escape. Each worksheet contained identical listing of

candidv%.. items by category. Items preceded by an asterisk were not found

in the published IR studies reviewed and may be considered as new items. Each

column heading identifies the third digit of the function analyzed and the allo-

cation to the responsible crew member. Fifteen first-level functions were

analyzed for Mission No. 1 and 5 first-level functions were analyzed for Mission

No. 2. The remaining 10 functions of Mission No. 2 were common to both missions.

Three functions, Takeoff, Cruise and Landing, were ubtd for the preliminary

analysis. The pilot IR's were identified by an experienced Human Factors

analyst who is a rated jet aircraft pilot with 1,200 flight hours. The System

Operator functions were analyzed by a rated bombardier/navigator with over 3000

flight hours and with subsequent experience in Human Factors functions and

workload analyses of S.O. crew station duties. The three independently com-

pieted worksheets were submitted to another rated System Operator and a second

pilot for review. Their reviews identified certain differences in IR identifi-

'01 cation which necessitated discussion and reconciliation.
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The differences in IR item identification were found to be primarily due

to semantic difficulties in two areas. First, opinions differed as to

the pilot's requirements for error vs command, or actual (status) information.

It was determined that the terms: actual, command and error reflect display/

control terminology and either have not been defined in terms of information

requirements, or consistently applied, in some previous studies. The following

definitions were used in this study to alleviate this problem:

1. Command Information: That data which is an index of desired per-

formanze of a system or subsystem, the parameters of which are

derived from the systems mission requirements.

2. Actual Information: That data which is an index of the current

status of the system or subsystem, and is independent of command

information.

3. Error Information: That data which is an index of the discrepancies

or difference between command information indices and actual

information indices.

The second area of concern was the concept of necessary and sufficient
information. The differences identified were primarily in the "sufficient"

category (rather than necessary) and pertained to backup information which
would aid in the decision making process, or add confidence to that decision.

'When the minor semantic differences were resolved, the data reflected signif-

icantly increased inter-rater consensus.

An iteration wes then conducted where the information requirements were

coded Primary (P) and Secondary (S). It was found that In the three functions
analyzed, there were no areas of disagreement between analyst's ratings for
those items identified as "primary" information requirements. The remaining

17 functions were then analyzed using Primary and Secondary coding.

All of the worksheets for Mission I and 2 functions were completed by the
Human FacLors analysts and then reviewed by another pilot and Bomb/Nay System

operator. Minor discrepancies between the ratings were then resolved.

The Information Requirements Sutmmary for Mission Nc. I is shown in Table I,
sheets 1, 2 and 3. Table 2 contains the summary of the information require-
ments identified for Mission No. 2, Standoff Weapon Attack.

4
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The last two columns in each table summarize the information required

by the Pilot and the S.O. for each mission. Only the highest (primary) rat-

ings are shown in the summary columns for information items identified as

both P and S within a mission phase.

No significant differences were found between the primary information

requirements for the semiautomatic man/machine system mode of operation

used in Mission No. 1, or in the automatic system mode postulated for

Mission No. 2 where the operators performed monitoring/system manager func-

tions. This can be understood when one considers the roles that the human

operator plays in the manual and automatic modes. In both instances he

must be constantly aware of the effectiveness of the vehicle control coumands.

The pilot needs to be aware of the status and trends of the system on a relatively

continuous basis. The information he requires is the s,,me whether he is in the

loop as a controller, or whether he serves only as a monitor of system functions

being controlled by a servomechanism.
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1.7.1 Information Requirements Validation I
As noted in section 1.7, the concluding task of this study phase is the

comparison of the Information Requirements identified for the 1985 attack

aircraft with those IR's identified in previous studies.

In the JANAIR Report cited previously (ref. 2 , page 27) the authors state

that:

"It is necessary to point out the dissimilarities among the studies

cited from which we have made a generalization. That is, we are
guilty to some extent of comparing apples and oranges in that not

all the IR studies are alike in their method and their purpose.

Some apply to a certain class of aircraft, some apply to just one

aircraft, and some apply to a particular display concept which may

be used in more than orte aircraft."

To guard against this problem to the maximum extent possible, the informa-
tion requirements studies selected for comparison with the results of the VDS

study IR's met one or more of the following constraints:

a. an attack ,ircraft is postulated for the mission,

b. an interdiction (air-to-ground attack) mission was flown, and

c. the information requirements were identified preceding display

design.

Within the time constraints icosed on this study, only f ive IR analyses

were available which met the selection criteria. 'these were:

1. The DAC/AN•V study conducted by Dunlap and Associates which met

criteria C.

2. The Gruma Aircraft study on Reconmended Pilot Displays which

met criteria a and partiallyb.( 4 )

3. The Hughes Aircraft studies of tactical aircraft displays.(5)

one of these studies (TAC #15) met all selection criteria.

4. The other study (TAC #14) met a and c. (Personal comutnication

with the author.)

5. The unpublished Northrop/Aircraft Division P530 Infortution

Requirements Study which met b and c criteria.
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In addition to the data from these studies, the JANAIR Report informa-

tion requirements summary data are included for comparison. Although the

authors saw fit to drop the distinction between command, status and error

information they pointed out that: "It seems sufficient to indicate what

information is required without becoming embroiled in the question of what

form in which it is to be presented" (ref. 2 , page 33). In regard to the data

obtained in the VDS IR study phase and also shown in the referenced studies, it

is difficult to accept their rationalization for deleting the form (or manner

of presentation) while retaining only the content. However, for comparative

purposes, the JANAIR IR summary data have been extracted from Table 14, VDS

Information Requirements and Table 15, HSD Information Requirements using M,

D and 0 coding for their Mandatory, Desirable and Optional classifications.

These data are included in the matrix as their composite list recommendations

are based on 6 studies for the Takeoff and Enroute phases, and 16 studies for

the Landing phase.

Tables 3 , 4 and 5, following, present the IR data from the referenced

studies, the VDS study, and indicate the agreement (]) between a VDS informa-

tion item and an item as identified in one or more of the referenced studies.

Information items with asterisks are additional items to those identified in

the JANAIR report; therefore no comparison could be made between the VDS study

data and the JANAYR referenced studies.

Table 3 presents the information items identified for the Takeoff phase.

Thirty-three VDS items agree with one or more previously identified items,

while there was disagreement on 11 items. The items on which there was dis-

agreement include the flight control parameters of yaw and velocity vector.

Also, there were three instances of differences between "cotmnand" or "actual"

information to be provided for Flight Information. The remaining differences

are in the Navigation and Configuration Status categories. The latter differences

probably reflect the VDS study emphasis on overall information required vs

emphasis on Flight Information which appears to prevail in the referenced studies.

Table 4, Enroute Phase, shows a higher level of inter-item agreement

between all of the studies than was the case for the Takeoff phase. Thirty-

three items identified in the V)S study were in agreement with the referenced

studies, while only 7 items were in disagreement. These include 6 Flight Informa-

tion items, yaw, bank, rate of turn, sideslip and velocity vector and again,
I difference between "Commasd" appeared.
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TABLE 3 TAKEOFF PHASE - INFORMATION REQUIREMENTS COMPARISON MATRIX

REFERENCE ST*UDIES____

Atltde- Ptru _ Yedn. x- -

- Rollin CoaITIxadP

Pitch Pitch -Cocx 0

- oll m~and _____

\cltical Velcito y - Actual x 0P

Airspeed - Acua x x x P

S- -omn

-~~p Mah umerx

%it o Tur

Stern -Coman

-'l Truei Reaing

Pic Command~ P

1V t10 (V tiA

v%4tin ft~eral



TABLE 4 ENROUTE PHASE -INF-ORMATION REQUIREMENTS COMPARISON MATRIX

________ _____ S F R UCHE S NORTHROP JANATIRVS

IDENTIFIED INTO&It1ArION RE(WIRD(ES DAC/ANIP ,:T.- ~AC IA9114 TAC m15 P530 RECS f STUDY ___

FLIGHrT INTOF2IAUTON -

Attiude - x_____ _____ ___

- Roll__ __ __ _ x x m P _ _

- )caw ____ ___

Puch Trio x D___ ___ S ____

Angle of Attack Act~ual__________ __

- Cormand_____ ____ ________

- Error____ ____ ________

Altitude Actual______ x Y ___ ____ x P ___

Ab~ute(Radar x P
Vertical Velocity -Actual ______ ____ _________ x

Airspeed -Actual_____ x x___ x P ___

*Ct1ronalotical __ _______[x__

gA ' e Turn ___ __

S1 i-p t____ - - -

-Tr,-c N44dtm& -

- kead~t comdae P

k. qr, com. -

L--T~-'

I.A -It --k - -- '- -.- ,'

___ ý% z 
--- 44

- FLL-i
?aJ~~~I

4s



wv

TABLE 5 LANDING PHASE - INFORMATION REQUIREMENTS COMPARISON MATRIX

________ PEFERENCE STUDIES____
GRVýlA WL*7'S ' HUGHES NORTRROP JANAIR VbS

1'tIENTIrIED fl.TORMATION R!(W'IREK-YrS .. DAC/ANP ýrr Mf TAC '4 IA% 0 15 P530 RECS STUDYtt AGREE_

MGM~hI INFORKATIQON

-Yav J ___ ____ --

Tii-h~-h Tri m - Y I x-
Angle of Attack -ACtUI1_____ _____-x

- Cc-crao____ -+----___.--I H

Ve~t~ ~ -Ablolute (R~dar) x p~____
Vria Veoiy Atudil _____ - - -

Airspeed -Actual__X_____ x
C Cm And____ x x ?___

* i~ch Number_ **x

* Ubronoluxidat x

-, I

_ _i =--ý -- 4 -

- A - -- 
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Table 5 presents rbe informacion items identified for the Landing Phase.

Te items identified in the VWS study column included all of the second level

funettons of the Recovery Phase (function 1.15) and second level functions

1.14.2, 1.14,5 and 1.14.6 of the Carrier Rendezvous phase. This arbitrary com-

binttion of mission phases was necessary for the comparison to several previous

studies which included let-down, approach., anI lai.lding in the Landing Phase.

Out of a total of 56 identified items, 38 of the VDS study items agreed with

one or more of the referenced study items. There was disagreement in 18 items.

Again, differences between the requirement for command vs actual information .re

evident. Five "difference" items pertained to navigation information and ;-ree

to new items in the Configuracion or Propulsion categories. Seven items ia the

Flight Information category were in disagreement. These were: yaw, Mach number,

bank, sideslip, time, and two cornmtind itcms noted previously.

The authors of the JANAIR Report (ref. 1, page 32ý noted that: "....

with few exceptiona, there is little agreement about the items of information re-

quired for flight &nd navigation. All <toeir reference) studies agreed that

attitude information (pi~ch and roll) is needed, but thereafter diaagreements

Sbegin to emerge." iý appears that th., VDS study Intormation Requirements analysis

does little to contradict their statement. lwoaver, As they point out, persaal

of the individual VDS III flight itunms (and coMbn.ation of ltev..) reveals most

of "these disaSreements are more appnrtnL than real." Addition-ally, many of

the differences fmoud between "actuol" vs "cozand" flight Information and

several of the navigatio# requireietoat can ho attributed to some orteent to the

twu of misuioi, flon, the specifics creatOe by th, mission require-ents, the

wissirmi scenario, pi-tf, flight profile, etc. Another factor which protably will

not be risolvad 0n •te near foture is that apptarmtly pilOts githor- "fly" a

mission phase dif!erontly, or use 4ifferent ntoretatit(N to nccollish- the same

operation, or at lea4st report LXzt difforent information Is required to accom-

plish the phas6 being considered. To some extent this apparent difference of

opinion bevkoen ihtat information k necessary and sufficient is also ap-.iicable

to system operator• acce*lilhing navigatioo ta7kt.

In surary, there are Identifiable differences in information requ•Irements

for the specific mlssion phases analyzed here. It is very probable that the

maajrity of tb-ese differeces are nore apparent tlha real in the Fractical 1J)S

* control/display context. All identified differences appear to be resolvable

within the context of tle VDS design goals.
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1.8 VSD INFORMATION CONTENT ANALYSIS 6
This section is a review of the information content of vertical situation

displays in current operational aircraft. The aircraft reviewed included the

A-6A, A-7D and the F-TllA. These aircraft were selected because they currently

fly missions and deliver wtaapouis similar to those missions and ;eapons descrihed

in this study. The A-6 and A-7 are subsonic, but the actual velocity of the air-

craft is not critical for determining the VDS content.

All of the displays of the identified aircraft which contain vertical

situation information have been analyzed for content in this section. These

include the Vertical Display Indicator (VDI) of the A-6, the Attitude Director

Indicators (ADI) of the F-1liA and the A-7, the Head up Display of the A-7, and

the Lead Computing Optical Sight (LCOS) of the F-Ill. The rationale for com-

bining the contents from these somewhat disparate displays in this onalysis is

simplv stated: All content which is pertinent to aircraft control in the vertical
plane must be considered for inclusion in the vertical displays of future air-

craft. !hus, by con;sidering all of thd, content that is now displayed, the resulting

matrix of display content is coworehensive for current operational requirements.

Future operntional requirements, based on the projected missions, have been

idenzified in Section 1.7, and will not be repented in this section.

In reviewing the various pilot flight manuals (6,7,8) for display content, it i1

obvious that stanerdiFaiation of electronic displays symbology and notwnclature

has not been accosplished. That this is a matter for concern is shkn by the

efforts of the Aircrev Statian Standardizotitni Panel to achieve consensus among

the Services as to symbology and noopthclature for electronic and optically

generated displays. Ihis cuonsensus, when achieved. will be reflected in

revisions Vo HitL-D-864. Until standardization has beon accowplished, it may

be .naticipated that the symbols and their names used on electronically and

opticilly giawrated lleplays will r•e•mia controversial and. indeed, may remain

Se even aft ward. Fatlure to achieve standardtlation h4s proved costly in the

.- 'st, and it in regrettable th4t Its urdosirable effects are now reappearing in

the deve!o"ont of the present gemeration displays.

'Owe consequences of failure to standardize are legion, but two in partic-

ular deserve mention. First, training men to recognize and effectively usa

new symbols and nonenclature for information content which already has
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established referents in their minds is was•teful and inefficient. Secondly,
and related to the first, is the real danger of negative transfer, which

may lead to the use of a previously established response pattern which is

inappropriate for the new situation, often with disastrous results. Northrop

personnel working on this study are cognizant of these pitfalls in display

design and have bent every effort to identify the most common symbology and

nomenclature as ý basis for development of the VDS display content.

Another p.oblem, previously identified by the authors of the JANAIR

study formerly cited (ref.2) and confirmed here, is the dearth of usable

information for this analysis in several of the flight manuals. This deficiency

is in the display content :ipec.Ific to the individual flight modes, The F-1l1A

manual is particularly limited in information on the content of the LCOS display

in the various attack modes. The A-7 manual, by comparison, offers an abun-

dance of liformation on the '-vbology used on the HUD 'n various flight modes.

The A-6 o -ut=, while more informative than the F-Ill manual, still leaves

much to be desired, especially in the display content for the attack modes.

Again, the analysis presented here is as complete and accurate as the original

source materi.al permits.

To facilitate the cross check of findings of the VD3 content analysis

with the results of enrlier studies, the structure of the information content

provided in the JANAIR study (ref. 2) has been utilized here, To this basic

list was appended those additional information items which have been identified

as present in one or more of the display modes of the representative aircraft.

The P-14 aircraft is also included in the matrix. However, the information

available on the P-14 displays was limited to the Design Control Specification

for the Vertical Display Indicator Gioup (VDIG)( 9 ). This specification does

not describe the various flight modes in which the individual information items

are used. Nor does the specification identify that display symbology which is

uslique to the Phoenix weapon. Consequently, the F-14 information content is

used here as confirt.rtory data. That is, if tha F-14 displays appear to present

information which has also been identified tentatively as necessary in the

information requirements analysis, this tends to confirm its importance for

future display applications. Other than this confirmatory role, the amount

of information available oa the F-14 VDIG has not been iufficient in and of

itself to warrant using the F-14 information content as a basis for future

display content recommendations.
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Concerning the results of the analysis of current display content, the

following should be noted. The pitch trim indicators, identified as present

on the A-6A VDI for takeoff, enroute, and landing, have not been included

as reconmended display content for the future. The basis for this deletion

was information received from an authoritative source (10) which indicates that

pitch trim is no longer considered necessary by operational pilots.

For the Takeoff Phase (Table 6 ) 10 items of information have been identi-

fied as necessary in the original analyses of information requirements. The

last column of Table 6 and the last colur;.n in the subsequent four tables re-

flect these information requirements analysis findings. Thus it is possible

to compare what was found to be desirable information content through the

mission and function analysis with what is currently displayed in operational

systems. In the case of takeoff, it can tv_, seen that the extent of agreement

is substantial. Only one IR, velocity vector, which is prt •ent r'i hoth the

A-6 VDI and the A-7 HUD, is not identified as necessary for takeoff on tture

vertical displays. For effectivtý pitch control, which is critical for takeoff

and especially carrier launch, it appears much more important to provide ,an

accurate pitch attitude referent rather than velocity vector information. It

has been learned that steps are being taken to add a pitch attitude referent

to the A-7 HUD, probably in recognition of the limit-d value of the velocity

vector for takeoff.

In the Enroute Phase (Tabl, 7 ), five major items of flight information

present on either the A-6 or A-7 displays have not been idwatified in the VDS

IR analyses as necessary for future displays in this mode. These are angle of

attack, turn rate, vertical velocity, velocit3 vector, and pull-up. The reader

should reflect that for the purposes of this analysis Fnroute is used to describe

the (relatively) high altitude flight phase of tA• missions described here.

These information items are not considered necessary for what is essentially

straight and level cruise.

The Landing Phase (Table 8 ) shows essential agreement between the VDS

IR analysis dete.mined items and those found on one or more operational dis-

plays for this moee. The four exceptions are pull-up, range to go, flight path

angle, and the landing director symbol. The pull-up signal is available on
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TABLE 6 VERTICAL SITUATION DISPLAY INFORMATION CONTENT SUMMARY

TAKEOFF PHASE

AIRCRAFT V4

INFORMATTON DIoPLAYED ' '~ ' '

F PI1T C h AN- G LE x xx X
PITCH TRIM

ANGY E Or ATTACK , X

tROLL ANGLE X x X

HEADING X X X X X

STEERING X X

VERTICAL ORIENTATION* X X X x

ALTITUDE X X X

VERTICAL VELOCITY X X

AIRSPEED X X 1
VELOCITY VECTOR X X

FLIGHT PATH ANGLE X)
(Pitch minus AOA) , , -

S
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TABLE 7 VERTICAL SITUATION DISPLAY INFORMATION CONTENT SUMMARY

ENROUTE PHASE

!NFORMATION DISPLAYED ~4 4 4 4

PITCH ANGLE X x

PITCH TRIM X

ANGLE OF ATTACK X

ROLL ANGLE X X x X X x

HEADING X X x x

STEERING X X X X X X

VERTICAL ORIENTATION* X X x x /

ALTITUDE X X X X

VERTICAL VELOCITY x

AIRSPEED x x x

VELOCITY VECTOR x x
PULL-UP x x
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TABLE 8 VERTICAL SITUATION DISPLAY INFORMATION CONTENT SUMMARY

LANDING PHASE

AIRCRAFT

INFORM4ATION DISPLAYED - 4 /9

£PITC9 ANGLE xx x

PITCH TRIM x v
ANGLE OF ATTACK x X

ROLL ANGLE

HEADI NG x X x x x

STEERING x X

TURN RATE

VERTICAL ORIE•TATIO I x X l
AL.TITUD~E x x xV

VERTIC&A VELOCITY x x
AIRSPEED X x

VELOCITY VECOK x x

PULU-v x I x

GLIDESLOPE x x x x x x x

GLIDEPATH X I x x x I
uiVEoFF X x

RANGE TO GO

FLI•iT PATH ANOLE x
(Pitch itius AOA)

LANDING DJIRECTOR SY'OL x . x x

6
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the A-6 VDI, but it has not been identified as necessary for future displays.

The waveoff command appears to serve the same purpose as the pull-up command

on landing, and duplication of commands is unnecessary for this mode. Range

to go (to touchdown point) while not currently displayed, appears to be very

desirable for the landing mode, especially where the pilot must execute a

flare maneuver prior to touchdown. Under conditions of severely restricted

forward visibility, the timely execution of the flare maneuver can be crucial

for proper landing. The flight path angle and landing director content items

found in current displays have not been identified as needed in the future VDS

content. These items are derivatives of data which exist in other forms.

Flight path angle is the derivative of pitch angle minus angle of attack. The

landing director symbol gives pitch and roll steering commands, which are also

presented on the more conventional glideslope and glidepath steering bars on

other displays. It is felt that the more conventional method of presentation

is justified for future applications.

Terrain Following (Table 9.) appears to be the most controversial of the

mission phases in terms of what is currently presented on displays vs what has

been identified as needed for future displays. However, the data needed to

complete this table are limited by the lack of information in flight handbooks

concerning the information actually displayed in the various flight modes.

It is entirely possible that many items of information identified as desirable

in the JANAIR study actually do appear in the Terrain Following mode on certain

of these displays. However, the limitations of the source material preclude

absolute identification of such content. The IR analysis of future require-

ments only identified a limited number of items of information which appear

to be necessary and sufficient to perform Terrain Following. It may be antic-

ipated that as the quality of low-altitude sensors inproves, the complexity

of the Terrain Following display modes will increase, giving the pilot more

options in selecting his flight path. The result will be more information on

the display. But what cannot be established with certainty at this time is

ptecisely what this added information will involve.

Weapon Delivery (Table 10)shows reasonable agreement between current dis-

play content and the VDS information requirements. The velocity vector appears
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TABLE 9 VERTICAL SITUATION DISPLAY INFORMATION CONTENT SUMMARY

TERRAIN FOLLOWING MODE

AIRCRAFT A,

INFORMATION DISPLAYED ' V V

PITCH ANGLE X X X

PITCH TRIM

ANGLE OF ATTACK

ROLL ANGLE X X X X

HEAD ING X X X X

STEERING X X X X X

VERTICAL ORIENTATION* X x X V

ALTITUDE X X X X X N/

VERTICAL VELOCITY X

AIRSPEED X X X

VELOCITY VECTOR x

PULL-UP X X X X V
GLIDESLOPE OR PITCH STEERING

BAR x x x x x

GLIDEPATH OR BANK STEERING
BAR X X X X X

FLIGHT DIRECTOR SYMBOL X X x

FLIGHT PATH ANGLE
(Pitch minus AQA) x

TERRAIN CLEARANCE ANGLE X

TERRAIN RANGES X x V

AZIMUTH DISPLACEMENT (TURN) X x

FLIGHT PATH
(Heading & Elevation) x

THROTTLE COMMAND X

CLIMB (PITCH) CO4MAND X X x X X

RADAR ALTITUDE CURTAIN X

OFFSET IMPACT BAR X

*JANAIR Report No. 680505
**Raf Table I
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TABLE lo VERIICAL SITUATION DISPLAY INFORMATION CONTENT SUMMARY

WEAPON DELIVERY (AIR-TO-GROUND)

A IRCRAFT v-7

INFORMATION DISPLAYED

PITCH ANGLE

ROLL ANGLE

HEADING

STEERING

VERTICAL ORIENTATION* x

ALTITUDE

AIRSPtED x x

VELOCITY VECTOR X x x

PULL-UP x
GLIDESLOPE OR PITCH STEERING

GLIDESLOPE OR BANK STERUI
4AR

SIDESLIP (Early modtl)* (* x

RANGE TO GO x I
11W& ERIOR x
ALNIG SIMBOL (ALm Po•tnt)

WMUFALL LINE x x
•OJ~tT O,. CU)FX

PULL-UP AnICIPATIOW CUE x x

TARGET SY11BL

FLIGHT PATI ANGLE
(Pitch nintus AOA)

"G" LOAD
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on current displays but is not seen as a firm requirement for air-to-ground

weapon delivery. Again, the IR's identified for the future attack aircraft

appear to represent the necessary sufficient minimum data required for head

down weapon delivery. And, just as in Terrain Following, it is reasonable

to expect that as the effectiveness of weapon delivery computations increases,

the complexity of the display will increase. Thus, a VDS which contains all

of the information now planned for the F-14 VDIG may eventually be needed to

deliver all of the weapons, in all of the modes, available to a circa 1985

tactical attack aircraft.

6
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1.9 VDS ALLOCATION, CONTENT, AND FORMATING

This section contains the data derived from study tasks e, g, and h as

outlined in section 1.1 and completes the Requirements Analysis conducted by

Northrop Human Factors/System Analysis personnel.

The hypothetical panel layouts and the ground rules for allocation of the

pilot's and System Operator's information requirements to various functional

display areas are discussed in section 1.9.1. The VDS display contents for

each mission phase are tabulated with an accompanying discussion in the follow-

ing section. The final product of the Requirements Analysis, the VDS formats

for selected critical mission phases, are shown and described in section 1.9.3.

Although air-to-air weapon delivery is a critical mode for the VDS, no format

h~s been designed for this mission phase. This was due to the unavailability

of "Weapons Peculiar" and "Delivery Mode Parameter" information requirements,

due to security or other classification problems associated with the use of this

type data.

A preliminary design layout of a control panel for the integrated primary

cockpit display groups conceptualized in section 1.9.1 is beyond the scope of

this study. However, the F-14 VDIG Display control panel concept provides an

excellent baseline for the design of the VDS control panel. As in the F-14

control panel, the pilot and S.O. must be able to select any of the primary

VDS navigation or attack mode formats. Within each mode the operator must also

have the option of selecting submode routines which are associated with the

opecific mode selectud. Additionally, a single sensor or combination of sen-

sors must be selectable as inputs to either (or both) displays.

The option to "declutter" the mode selected, and/or to expand the IR,

radar, or TV sensor picture to the full 9.4-inch-square display area must be

available to the pilot and system operator. As in the noted aircraft, a matrix

switch pattern layout is reconmmended for the future control panel.

1.9.1 -Informm.ation Allocation

To determine the information content of the integrated VDS, as specified

in section 1.1(e), it was first necessary to allocate the total array of in-

formation items to various displays which will presumably be existent in
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cockpits of the future. In this effort it was assumed that a cockpit concept

similar to the Navy's Advanced Integrated Modular Instrumentation System

(AIMIS) has been successfully implemented for the 1985 attack aircraft postu-

lated herein. As a reference document for conceptualizing this cockpit of the

future, the Boeing study( 1 1 ), Integrated Information Presentation and Control

Systems, was utilized. Figure 5, belo, presents a cockpit concept which in-

cludes the integrated VDS and other electronically generated displays for the

pilot. It is assumed that the conventional flight instruments present in the

cockpit will primarily provide a backup function for the electronic displays.

(HEAD UP DISPLAY

MA STER ENERGY

MONITOR INTEGRATED MANAGEMENT

DISPLAY VDS DISPLAY

HORIZONTAL

SITUATION

INDICATOR

(HSI)

FIGURE 5 PILOVS INSTRUMENT PANEL

The current configtratton of the V-14A froot cocklt represente a

c, t step tatard the realIzatinf of ttbis concept. The V-I1. bhs a Zp a
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Vertical Situation Display (the VDI), and an HSI. Furthermore, the VDt is a

true multimode display, with the pilot being given the option of selecting any

type of sensor data available on the aircraft which is compatible with the

display. The HSI also provides the option of viewing the electronically gen-

erated symbology present on the System Operator's combat situation display,

alphanumeric information from data link, or Radar Homing And Warning data.

For the purposes of this analysis, only those items of required informa-

tion which can logically be presented on the VDS have been so allocated; that

is, primarily information which pertains to the aircraft flight path in the

vertical plane appears on the pilot's VDS. The information content which does

not apply to flight path control in the vertical plane is assumed to be avail-

able to the pilot on tte other displays as follows:

a. All vehicle status, advisory, trend and caution information will

he presented on the Master kionitor display. Primary responsibility

ior alerting the pilot and S.O. to warning and caution information
will be allocated to the Voice WarnitA Systez (VWS)

b. All propulsion system data, energy management paramters, and fuel

mit• ¢emt sinforzatiou wiil be presented on the eergy ent

display.

C. All iaforw~tioti pertaiuitng to flight control in the boritantal

plane (except airspeed, which ti presenited on the VIS) will be

prsented oi the 951l. This will be primarily navigation info-

cati both gruud map, in& radar and projected 0a displays are

available at the pilot'e ecption. o1veverl, the center of the

dioplay area =AV also 1,e used tor Other put-poses, iaelvding

C.~ori~ng of the S.O.'s displays, threat information, or data

Ilin co=ýaodsi, sim~lor to the capability provided by the present

F-l& UHSI display.

d. The ltea4 Up display will provide infOrmation on content coaparable

to that prevented o the V03.. For the purposes of this aIelys.s,

it is asaume-d that all information identified as necessary for

flight oierations by reference to the VD5 in the "head down" *ode
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will also be selectively available to the pilot on his HUD when

he is flying the aircraft "head up."

The Syatem Operat3r's functional panel layout for the hypothesized attack

aircraft is shown in Figure 6 below.

MASTER INTEGRATED ENERGY

MONITOR j jVDS MANAGEMENT

HORIZONTAL INTEGRATED

SITUATION THREAT

INDICATOR DISPLAY

(H S1) (RHAW + 1R)

FIGURE 6 SYSTEM OPERATOR'S INSTRUMENT PANEL

4gaii, thke information content determined to be appropriate for the 5.0.'s

VD- hbs b-un so allocated, mud the rcmainder of the itiformatioo ha been allo-

cated to the other display.. The primary difference in the S.O.'. And pilct's

stations is the addition of a separate threat display in the S-0. 'a panel and

the deletion of the HUD, thich is incorporated in the pilot's pael. 0) date

is, of course. not relevait to the rear seat occupant tn this tandem aircraft

m-aept. The addition of a separate threat display on the S.O.'s panel reflects

the iocrsesiua ivportance and complexity of the threat envirovent, "n the

allocation of tremt coiuateractioe as a vricary 3.0. tuncttn in the cissiens

de#cribed here.

As in the case of the pilot's panel, the in(ormation allocation to the

various dioplays reflects the desirable goal of functional grouping to sampli-

fy the Sync. Operator' * perceptual kad.

71



IMF

The information requirements a' ocate-1 to the S.O.'s VDS reflect the

functions he will perform in the missions described here. It is logical to

assume that he will use his VDS to accomplish the major tasks of target detec-

tion., standoff missile control, and aircraft identification (IFF) utilizing

TISEO and other sensors. Hence the S.O. will be using his VDS more extensively

in the IV mode than will the pilot. However, it is assumed that the S.O. will

also use FLR and FLIR sensors as the situation demands, by selection of the

appropriate mode for his own display. Thus he will be able to assist the pilot

in such aritical mission phases as air-to-air refueling, carrier approach and

reccovery.

1.9.2 Y..S Cntent

Tables U1, 12, 13, following Section 1.9.2, shows the allocation of

information colt4'ft to the pitot's and the system operator's VDS for both mis-

sions described •n Sections 1.4 and 1.6. Each table is a matrix in which the

column headings are the phasea which appear in that particular mission, while

t&e rows of the Ynatrix are the informatioti items which have been identified for

inclusion in the VDS. Whenever an X appears in an individual column, it

indicate.s that a particular item of information has been deemed necessary

for presentation on the VDS for that particular mission phase.

The infor.iAtiov content of the pilot's VDS required for the seven mission

phases eontained in Mission No. 1 is shown in Table 11. By inspection, ic can

he seen that the phases of Launch and Climbout and Enroute Cruise are virtually

identicalt differitng only in the requirement for a dangerous weather symbol on

tho display in the enroute mode. For purposes of efficiency) these two phnses

have been combined in the description of the recommended VDS format shown in

By inspection of the remaining phases of Mission No. 1, it can be seen

that tOere is a "core" of information requirements which apply to all phases.

Tht-so core rquirements pertaia to vehicle attitude, altituda, and velocity

control. To this core of flight control information requirements is added

those items necessary to pear-Orm the unique aspects of each mission phase. In

Recovery and ;.anding, the rL.;.irumets w for precision flight path control with

raierence to a (relatively) fixed landing point dictate the need for information -•
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on headiug and glideslope error and on the actual velocity vector of the aircraft,

and for "waveoff command" if required. Also, command angle of attack informa-

tion will assist the pl lot in making a precision approach to touchdown.

Terrain Following mode requires precision vertical flight path comman:s

to enable the pilot to clear the terrain, in addition to the information re-

quired for attitude and velocity control. In Terrain Avoidance mode, more

information is required or, the display to permit the pilot to choose his best

path around obstacles and dangerous weather.

In the attack mission phases, both air-to-ground and air-to-air, the

pilot needs additional information to locate and identify the target, and to

control his flight path and velocity precisely during the terminal guidance

phase of his weapon delivery run, without exceeding the "g" limits of his

aircraft.

Misriion No. 2 VDS information contents are summarized in Table 12, again

illustrating the general requirements for attitude, altitude, and velocity

control across all mission phases. Added to these generalized requirements

are such mission phase peculiar requirements as: stationkeeping during the

Cruise phases, air refueling in the Carrier Rendezvous phase, and the require-

ments peculiar to remote control of a standoff missile in the Standoff Weapon

Attack phase.

Table 13 summarizes the VDS requirements for the System Operator's

station. In Mission No. 1, the S.O. needs information which will facilitate

taxSet detection, identification, and designation. In Mission No. 2, the list

of inform&zion requirements for standoff weapon controi 5s considerably ex-

panded, reflucting the severe demands of remote vehicle control. In the SAM Attack

php.ee there is reflected the need for specific threat detection information.

It all of the mission phases there are many S.O. information requirements that

are conventionally and appropriately assigned to the other specialized displays

available in his crew station. The conventional approach is continued in this

study.

7
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1.9.3 VDS Formats

The formats for the recommended VDS display content for the mission

phases previously identified are presented in this section. These formats

represent a synthesis of the symbology and presentation techniques used in

existing VDS-type displays, with some unique approaches to the display of the

required information. In all instances, whether by selection of symbology or

in the format design, the goal has been to implement the most effective dis-

play in terms of maximum legibility and interpretability by the pilot or system

operator.

As has been previously noted, there is a woeful lack of standardization

of symbology for electronic and optically generated displays. This lack of

standardization of symbology dictated that Northrop choose the "best" symbols

that exist on displays today, including Head-Up displays, and further, to im-

provise where necessary to meet future requirements. Assuming the tri-service

standard for HUD symbology is coordinated and released in the near future,

there will exist a uniform array of symbols which may also be used for VDS

displays.

The size of the proposed VDS is 9.4 x 9.4 inches square. The approximate

area of 81 square inches is actually more space than is necessary to display

the required data for some of the mission phases. Therefore it is possible

to use the edges of this display area for presenting parametric or trend

flight information in an optimum format, with a desirable dark surround to

produce high contrast and improved legibility. This parametric/trend informa-

tion includes such data as airspeed, heading, altitude, angle of attack, and

time to go. And since the display is entirely electronic, when a larger dis-

play area is desired, as in a multimode air-to-ground weapon delivery, the

entire 81 square inches of the display is available for presenting wide angle

target area coverage. This demonstrates the versatility of the all-electronic

display.

rhe principal display modes of operation for the VDS are as follows with

recooetned formats for selected mission phases discussed in section 1.9.3.

7
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VDS Modes for Pilot Station

o Launch/Climbout and Enrouze o Ground Mapping

(Cruise) o Weapon Delivery - Air-ta-

o Recovery (Approach and Landing) Ground

o Terrain Following o Weapon Delivery - Air-to-Air

o Terrain Avoidance o Stationkeeping

The System Operator can select any of the display modes for the pilot's

station and requires the following modes in addition. The recommended formats

for the System Operator's station are discussed in sections 1.9.3.7 and 1.9.3.8.

VDS Modes for System Operator Station

o Standoff Weapon Attack - Midcourse Mode

o Standoff Weapon - Terminal Guidance Mode

1.9.3.1 Launch/Climbout and Enroute (Cruise) Mode

Figure 7 depicts the pilot's VDS during the climbout maneuver shortly

after launch from the aircraft carrier. As shown, the pilot is performing a

10 bank during a 5 climb. The VDS displays the actual (1200 ft) and command

(1800 ft) altitude on the right hand side. The actual (250 knots) airspeed is

displayed on the vertical scale on the left hand side. Angle of Attack is dis-

played adjacent to the airspeed scale and reads 15 units. Vertical Velocity

is displayed adjacent to the altitude scale and shows a rate of climb in excess

of 1)000 feet per minute. The actual (360 ) and command (345 ) heading scales

are shown at the top of the display. The (10 ) roll angle information is pre-

sented along the bottom of the VDS. Pitch (bars) are indicated as black solid

lines above the horizon, while negative pitch bars are shown as broken white

lines. The pitch ladder may contain bars at 50 intervals or 100 intervals to

provide the pilot more (or less) precise pitch reference as required for spe-

cific modes. Dangerous weather (lightning symbol) is shown occurring approxi-

mately 270 to the left of his present course.

The "command" index is an open V-shape, while the "actual" index is a

pointed bar. When actual is equal to command information these indices com-

bine to form an arrow, thus:
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The basic VDS symbols used for the Launch/Climbout and Enroute Cruise

0 phases are also contained in the remaining phases as applicable.

The scale labels included in this drawing are:

Airspeed AS

Angle of Attack AoA

Altitude ALT

Vertical Velocity V/V
Heading HDG

1.9.3.2 Recovery (Approach and Landing) Mode

Figure 8 depicts the VDS format for a carrier approach and recovery. In

addition to the normal horizon and aircraft reticle, certain other symbols have

been modified or added to reflect the requirement for precision flight path con-

trol. An angle of attack indicator similar to the one used in the HUD symbology

was added at the request of representatives of NADC. This indicator informs the

pilot if his angle of actack is above or below a desired value. For exact ab-

solute values the pilot can refer to the AoA indicator scale on the left of the

display. The pitch ladder has been expanded with the addition of pitch lines

at each 50, to impro i the pilot's pitch reference. The Precision Course

Vectot Symbol (PCVS) gives the pilot azimuth and elevation steering comnands,

as in the normal ILS. A velocity vector has been added to assist the pilot in

predicting his touchdown point. All of the symbology is shown projected o¢er

a simulated view, or analog, of the real world. On the periphery of the dLsplay

is presented both command and actual angle of attack, airspeed, and (radar)

altitude. Radar altitude is indicated by a boxed R just above the altitude

scale. Radar altitude is displayed up to 1000 feet and barometric altitude

from 1000 to 99ý000 feet. In this figure the absolute (radar) altitude is 300

feet and the commanded altitude is 380 feet. Actual vertical velocity is also

presented. The heading scale has been expanded to provide more precise azimuth

steering information to the pilot. Also included on the display is a digital

readout of actual Macho although this information is considered as secondary

information during the approach, but useful where avoidance of the transsonic

range is required. To the right of the PCVS symbol, the carrier deck (or

runway) symbol is shown. The centerline of the carrier deck and the arresting

cables (aiming point(s)) are indicated by crot.ses. A wave-off command (pull up

symbol shown in Terrain Avoidance Mode) is projected when the approach does not

meet thE required flight path/air speed paratieters.
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1.9.3.3 Terrain Following Mode

Figure 9 depicts the Terrain Following mode. This E-scan type display

contains symbols representing both present and predicted position with respect

to the terrain. Two symbols originate at the same pjint on the left edge of

the display. The origin point (depicted by circle) of the vectors indicates

the present position as relative to the terrain directly below the aircraft.

The dashed line represents the aircraft velocity vector, indicating the point

of impact upon the terrain if the flight path does not change. The arrow,

the pitch vector predictor, rotates about its point of origin to indicate the

effect of the pilot's control actions upon the aircraft. The tip of the arrow

predicts the position of the aircraft after six seconds of flight. The point

of origin of bath symbols moves against a scale which gives the pilot a readout

of his absolute altitude above the terrain.

Also added to the E-scan display is the aircraft reticle, horizon linQ,

roll markers and pitch indices, presented in the noecl VDS display m.ode.

Ueadia;, actual airspeed, Maoch, and both actual aod (upper aund lower) co(autd

wx altitude are displayed '.o the pilot in this mode. The Pull Up Symbol, shmr

in the Terrain Avoidane mode is presented ••en ispact warning is requir•d.

The VOS displly presentatien for the Terrain Avoidance Ho0e is -show in
?igure 16. Terrain Avoida•ce differs tro Terrain Folloin prissrly In the

Pilot's freedom of choice to Oaintain his present &rouvvd track, or to tlke
course changes to *iaize the toctical advantages of terrain maskiog, That

is,. by selectiag an optimum flight path, dwwn valleys anld arounW terrain ob-

stacles, the pilot aiaiaizes the eaemy's abilit:'to detect and track hit air-

craft by electr-aonic or visual ueans.

This mode presents tl'e terrain elevation and rat-e in a series of shaded

and coded bands. Speciiic raeues aod coding options are in concurrence with

the present ADI display, as specified in the A-6 Flight Xanual (reference 5).

The total range displayed (darkest terrain) is eigt =tles. The heavily banded

area Indicates 1#4 to 1/2 mile range, while the Oarr-s banded area is 3/1 to

I mile &head of the aircraft's present position. koA. -AS, ILG, r&adr ALT, V/V1,
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Mach and Roll information is presented in the peripheral (surround) area. Roil,

Climb and Bank information is shown in the same manner as the previously de-

scribed modes. A split Altitude Command Symbol, indicating both upper and

lower altitude limits, as shown in Figure 9, could also be employee for this

mode if future operational requirements necessitate.

The velocity vector is presented as a black circle, shown in this figure

as centered in the Aircraft Reticle. Above and to the left of the reticle is

the white Flight Director Symbol. showing a "fly to" command, eg., climb and

turn to the left. The Pull Up (Breakaway or Wave Off) command "X" is the

symbol shown by dashed phantom lines. The Pull Up command would be displayed

as a solid X, which blinks on and off at an optimum human alerting and detec•-

tion rate, with the on/off rate increasing as the cundidon becomes more crit-

ical. It would appear as the brightest symbol on the display in this, or any

of the other applicable modes. This symbol may appear in the Landing, Terrain

Following, Terrain Avoidance, Weapon Delivery (air-to-ground) and in the

Stationkeeping modes to denote critical "pull up" or "wave off" commands.

The Dangerous Weather Symbol would also appear in the Terrain Avoidance

SMode if inclement weather conditions exist within 300 left or right of the
present flight path.

1.9.3.5 Weapon Delivery Mode

Figure 11 presents a typical air-to-ground bomb attack where the pilot has

selected the radar sensor for the target acquisition display on the VDS. The

actual radar return utilized for this figure shows relatively rough terrain in

the foreground and a small airfield near the top of the picture. This figure

represents a pointin Mission No. 1 profile shortly after the aircraft pop up

maneuver has been executed. In the total system concept hypothesized, the pilot

or the S.O. (perhaps using a different combination of sensors on his VDS) iden-

tifies the target and positions the diamond-shaped Target Designate Symbol (TDS)

on the target aiming point. Upon receipt of the designation signal, the com-

puter solves the range and deviation from present aircraft heading. The computed

command heading (840) is displayed along with the actual heading (900) as in the

previous modes. Additionally) heading error is displayed as a 60 angular deviation
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between the white Command Track Line (CTL) which originates at the bottom of

the TDS and runs through the Velocity Vector/Aircraft Reticle symbols, and

the Present Track Line. Note: the CTL is sometimi' s referred to as the "Bomb

fall line," or the "Bomb steering line" in HUD terminology. The aircraft's

present track is indicated by the white Present irack Line (PTL), which is on

the vertical centerline of the VDS and is similar to týae HUD term "Local

vertical." The Bomb Release Line Symbol (BRLS) consists of white, double

pointed bars and is just above the aircraft reticle in the figure. The Pull

Up Anticipation Cue Symbol is the white U-shaped symbol just above the -50

pitch line. The large Pull Up Command "X" w'ould be displayed in this mode

when appropriate.

The aircraft is presently pitched down approximately -80 with a 100 dive

commanded, as shown by the Command "Vs" on either side of the -100 pitch lines.
As the pilot initiates the 60 left turn commanded, the CTL, TDS and ground map

will move to the right. As the pilot completes the turn, the Target Designator
Symbol will lie on the PTL. As the aircraft moves nearer the target the radar

"picture" will move down the display. The TDS will also move down the super-

positioned CTL/PTL lines. The pilot will hold this heading until the TDS

reaches the open center of the BRLS . When the TDS is between the inward
points of the BRLS, the previously selected and armed stores will be auto-

matically released. At this time the BRLS and CTL will disappear, indicating

successful weapon release.

In addition to the symbols cummon to the other VDS modes, the "G" load

is presented digitally and the "Time To Go" is shown as a decreasing bar on a
linear scale. As show, the pilot has about 32 seconds to correct the course

and pitch deviations before weapon release.

1.9.3.6 Stacion Keeping Mode

Figure 12 depicts the suggested Stationkeeping format, which can be

utilized ouring either the low level Terrain Avoidance Mode, or for high level

air-to-air refueling in the Cruise Mode. These functions were identified in

Mission No. 2, Perpetrate, Escape and Carrier Rendezvous phases.

87

_--_AO



SO

11.

FIUE1ATTIN EPN

88i



h. ...........

AN

w/

<N.m

FIGURE 12 STATIONKEEPING MODE



This illustration shows the attack aircraft flying as wingman during the

Penetration Phase. The common Terrain Avoidance features are displayed as

previously shown in Figurell, but with slightly decreased contrast and bright-

ness, as this is now secondary information to the pilot. However, if the lead

aircraft were suddenly lost, this data would become primary information at

once! During the Mission No. 2 penetration, the pilot's primary function is

to establish and maintain a (high-right) wingman slot during this mission

phase. Prior to establishing his position, the pilot would set up his required

grid quadrant (lower left in this case) and the desired altitude above and dis-

tance to the right of the lead aircraft. This command information would appear

at the edge of the grid where the Command "V" symbols at 50 feet (above) and 200

feet to the left of his Aircraft Reticle and Velocity Vector symbols appear.

The white Lead Aircraft Symbol (LAS) is shown at the intersection of the 50

and 200 foot grid lines, indicating that present position relative to the

position of the lead aircraft is "on the button." The actual slant range (285

feet) between his and the lead aircraft is shown directly below the LAS symbol.

The quantitative flight data presented on the periphery is common to previously

*1 discussed modes. Both the Dangerous Weather symbol and the Pull Up Command "X"

would appear in this mode as appropriate.

A similar grid could be used for air-to-air refueling and superposed over

the normal Enroute/Cruise Mode display. In this case the pilot would select

the top half grid quadrant as he will be positioning his aircraft directly be-

low and behind (slant range to) the tanker aircraft. The coxivand indices would

be pesitionoed according to Naval flight safety standards for this flight mode.

1.9.3.7 Standoff Weapon Attack - Midcourse Mode

Figure 13 depicts the System Operator's VDS display during the midcourse

guidance mode of the Standoff Weapon System (SWS) attack.

As hypothesized in Mission No. 2 scenario and flow diagrams, the S.O.

monitors an automatic launch under zero-zero visibility. Since the SWS missile

carries a high resolution TV sensor in this configuration, there was no "picture"

available during this phase. However, all of the quantitative and qualitative

data presented in the surround (frame) area were provided during the launch phase.
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This figure illustrates the VDS display, using the 300 Field of View
(FOV), shortly after the weapon pop-up maneuver has been completed. In the
illustration, the closest checkpoint features have been olightly exaggerated

in size to demonstrate the power of the TV lens at a moderate altitude. Hlow-
ever, the 30 FOV and magnification shown are probably not obtainable at the

same time.

In the picture area it can be seen that the S.O. has identified the tar-
get and placed the diamond shaped Target Designate Symbol (TDS) on the aiming
point. Just below the TDS the black Aiming Reticle Symbol (ARS) is shown.
The 100 FOV frame line symbol is depicted by the small black angles at 50
above, beluw, left, and right of the picture centerlines. These frame lines
indicate the ground terrair that would be visible on the VDS if the a.0. would

change to the 10 FOV at this instant. A 12 look-down angle is indicated at
left edge of the picture cenoterlimn. Zero (00) %Iiw angle is indicated at the

bottom center of the picture.

SAt this point the computer has solved the lateral offset (15°) and range
calculations. A cWna-d heading of 750 versus the present actual heeding of
90 is iadicated. Sioce the Turn (yaw) index ark is still centered, the S.O.

ha .No e initted the turn oatwtever. A comoMi altitude of 6,000 feet and
actual altitadue oZ' 6400Q feet is shtvm in tht right s~urr'nt'4 arcs. The Pitch (P)
iodiiator shins a invotl flliht conditioo at presenut.

At the top of the Left surroutmd area, the sitnal strength of the tvo-vay
dataQ lin is displayed so a o.,io4 bar over a linea2r scale. kading dawtvard
we see that the "biva& 14 ~sreenntly utvder roanual (K) control; tio teroinal guild-
ance (Track Set) gode has been selected; the warhead (UiN) is aimed (AM);

oaxisM$ (99%) thrust is 4voilabloz the range to the target is 11 miles; a14d
the S-WS (System) Is tn Uaw "'Go" condxeian. Tine-to-go is displayed as a de-

scend-&Ig bar alone wit% the nas objective Taret (=) t"playeId. These two
inOrustion items are read t--ether, nich as "35 seconds to Target" (as shown),,

-- at wm#'yMi: Mtjtcit to t-A.anch, or 7iavizgatiorn rneckroint, as appropriAt, to the
mission Phas#- beikfa fl(ww and tent objective.
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2.0 VERTICAL DISPLAY SYSTEM DESIGN REQUIREMENTS

2.1 SYSTEM'I DESIGN CONSIDERATIONS

This section derives the operational design parameters required for an
advanced vertical display system with a multisensor high-resolution imaging
capability for use in a 1985 era naval all-weather attack aircraft. A systems
performance analysis was conducted Lo establish the range of acceptable display
system performance characteristics based on functional and human factors re-
quirements for compatibility with the advanced weapons and avionics systems
which are envisioned for use in the next generation of attack aircraft. The
result of the analysis is a set of optimum VDS design goals and performance
specifications which can be us. to evaluate various promising dot matrix
display techniques in order to assess their applicability and select the
optimum technique for an advanced vertical display system.

The functional requirements for a multisensor VqDS to be used aboard a
Navy attack aircraft in the 1985 time era must be based upon a detailed mission
analysis, taking into consideration the aircraft characteristics and require-
ments along with the complement of weapons and avionics systems carried on
board. The tactical aircraft of the 1980's, now in the conceptual and proto-
type phases of development, will have enhanced all-weather day/night capabii-
ities for both air-to-ground attack and air-to-air missions. The trend of the
future is toward higher speed and more maneuverable aircraft using weapons with
greater tange that permit increased standoff delivery distances. The enhanced
performance capabilities will be due largely tu increased capabilities of
future avionics systems such as longer range, higher resolution multifunction
radars, high-resolution forward-looking IR (FLIR), and high-resolution video
sys tems. It is these major subsystems which will have the greatest impact on
VDS design requizeaint:.

A survey of the high-resolution multisensor imaging sensors was conducted
in order to identify the kosit aemanding (worst case) performance parameters
atnd operat-onal characteri-stics, and insure that the design parameters which
tare eztablished for the VDS are based on these conditions and are compatible

with them.
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The future trend in radar system design is toward a single antenna multi-

function unit using electronic beam steering with solid state circuitry to
achieve high switching rates with high beam and frequency agility. This type
of radar system will have a low level flight penetration capability using

terrain following and avoidance techniques, with terrain mapping for use in

navigation and target location, and ground target ranging and tracking for

weapon delivery purposes. The air-to-air role requires a long-range search

detection and tracking capability with an automatic moving target indicator

to separate low flying aircraft from ground clutter, and semiactive missile

guidance for weapon delivery. Other functions such as stationkeeping, radar

altimeter, doppler navigation, electronics countermeasures, and beacon inter-

rogation (IFF) will also be required. These diverse functions require sophis-

ticated data processing equipment and a display system that conveys the full

resolution capabilities of the radar system. Future system performance speci-

fications indicate a ground mapping resolution capability of 40 feet over a

lOxl0 mile area which could effectively utilize a display with 1500 scanning

lines, with digital scan conversion used where low data rates would cause

large area flicker problems, or where the sensor and display formats are in-

compatible.

Forward-Looking Infrared systems (FLIR) are continuing to offer improved

detection capability for target acquisition and weapon delivery purposes under

poor visibility or nighttime conditions. Resolution of the advanced systems is
approximately 800 TV lines, which is obtained b use of several hundred simul-

taneous scanning detectors with improved signal-.to-noise ratios that permit

imaging approximately 10 shades of gray.

High resolution video systems are now beiag developed for long range

target recognition systems for iFF purposes and for weapon delivery (such as

angle rate bombing and missile guidance) and fire-control systems. Thp trend

here is toward the use of high resolution sensors (1000 TV lines) with 10

shades of gray imaging capability.

It ks ed!ent that a multisensor VDS that is to be operational aboard an

attack air.raft i the 1985 time period must have a resolution capability of

at leait 8-5 to WOO TV linte and incorporate a digital scan conversion
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capability in order to be consistent with the performance expected from the

multifunction radar, FLIR, and high resolution video systems that are expected

to be available in that time period. The results of the multisensor survey

are given in detail in reference 12 and are summarized in terms of resolution,

gray scale and MTF requirements in Table 14.

TABLE 14 MULTISENSOR OPERATIONAL CHARACTERISTICS

Resolution Shades
TV Lines of

Type of Sensor System Picture Height Gay _ MTF

1. Low Light Level TV (LLTV) 200- 600 8 0.1 @ 15 cycles/MR

2. High Resolution Vidicon 400-1000 10 0.1 @ 50 cycles/MR

3. Forward Looking IR (FLIR) 400- 800 10 0.5 @ 4 cycles/MR

4. Multimode Radar 1500 8 0.1 @ 3 cycles/MR

Table 14 indicates that the high resolution vidicon sensor system is the

highest performing and therefore imposes the most demanding display performance

requirements, particularly with regard to the MTF requirements. This is fur-

ther illustrated in figure 1513 which is a performance comparison of the high-

resolution video sensors. This sensor. system will therefore be used in the

systems analysis to determine the contrast and resolution requirements of the

VDS. The following subsections discuss the detailed aspects of the human

factors and functional requirements of the VDS in order to establish a set

of preliminary performance specifications,

2.2 HUiMAN FACTORS CONSIDERATIONS
14

In the context of display requirements, Morgan succinctly describes

the essential aspects of displays when he states: "There is much more to

designing a good visual display than merely making it visible; the operator

must understand the presented infoimation, and, with minimum effort and delay,

convert it onto correct decisions and/or control actions. This means that the

display must be designed to suit the particular conditions under which it will

be used, the method of use, und the purposes it is to serve."
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This subsection contains a discussion of the visual pa:'ameters which are

pertinent to the presentation of Vertical Display System information and will

develop the resolution and contrast requirements based on MTF analysis. The

human factors considerations associated with display brightness, gray scale,

refresh rate and symbology requirements will also be discussed.

2.2.1 CONTRAST AND SIZE REQUIREMENTS OF THE HUMAN EYE

The resolving power of the eye is defined and measured in terms of ability

to detect small objects and uistinguish fine detail. The resolving power, or

visual acuity of the normal human eye varies greatly, depending upon the ob-

ject brightness, distribution of radiant energy, background luminosity, con-

trast, and duration of the stimulus object.

2.2.1.1 Size

Acuity is usually specified as the reciprocal of the minimum visual angle

expressed in minutes of arc while the criterion for detection in classical

perceptual studies has been the 50-percent threshold; i.e., a target of suffi-

cient size which will be detected 50 percent of the time. When the target

characteristics noted above are held constant, doubling the size of a tar-

get will normally increase the probability of detection from 50 percent for

threshold targets to approximately 99 percent.

Providing that sufficient exposure time is available, visual acuity is

dependent upon brightness$ background conit4stt and the surrounding brightness

•tto of thn object or display being viewed. This latter factor is of primary

irportance to the aircraft pilot who must monitor the cockpit displays while

attending to the real worIr outside thts cockpit.

Figure 161i shows the contrast dewaand requirements of the humar eye to

iesove tri-bar test patterrt# for two display brightness values (20 CL and

0)0 fL). 3oth curves indicate that the maxzi= eve response occurs at approxi-

.tely *0 to 20 cycles/a on the retina, viýh the brighter display reqijititlg less

contrast to achieve any selected value of spatial frequency and cutting off

at a higher value. A different curve result& for each viewing distance and

brightness levril. Figure 1715 shows how the !imit of resolution variev for
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each viewing distance for sine wave and square wave test patterns for a par-

ticular value of display brightness (-20 fL).

2.2.1.2 Contrast

The contrast of a target is a measure of its brightness relative to its

background. It is defined by

Bt - Bb
tb

where Bt is the brightness of the target and Rb is the brightness of the back-

ground. The contrast can range from -1 through 0 to infinitely large. Within

the range of -1 to 0 it is termed "negative contrast," the target being darker

tLan the background.

4.-.1.3 Gray Scale

Another concept closely related to contrast and contrast ratio is that of

shades of gray. As usually defined, the number of shades if gray between the

brightest and darkest elements of a scene or of a display is the number of
square-root-of-two steps, counting both the background and the highlight.

Thus, a contrast ratio of 1.414 corresponds to two shades of gray, vhile a

contrast ratio of 2.0 is equivalent to three shades of gray, etc.

In an analysis of a VDS system, it is important to consider the noubor of

shades of gray required to facilitate the detection und recognition of video

information. Figure 1813 is a plot of target detection tiso vs gray scale for

a video system with 550 scanning lines. This graph Indicates that the tie re-

quired for target detection decreases as the nu•ber of gray shadns increases

up to approximately 7 shades of gray and then levels off. lowever, it is sug-

gested tlat to facilitate the operator's task of target recognition, at least

7 shades of gray is a zini~xn, and 8 to 10 shades are desirable for target

recognition purposes for cockpit displays.
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2.2.1.4 Surround Illumination

Brightness ratio is defined as "The ratio of the brightness of the object -

being viewed in relation to that of the area surrounding the object." Morgan 1 4

refers to this effect in terms of operator "adaption level." He indicates

that if visual displays must be read by people who have just been exposed to

high levels of brightness, the level of display brightness should be higher

than normal (adaptive) brightness; i.e., at least 0.01 as bright as the pre-

exposure field. Military Standard 1472A, paragraph 5.2.4.6, indicates that

surfaces immediately adjacent to scopes shall be between 10% and 100% of screen

background brightness.

The effects of su rounding illumination on visual performance has been re-

viewed by Ireland.16 In a subsequent experiment, he tested four surround-to-

background brightness ratios of 0:1, 1:1, 10:1, and 100:1. Regarding the

practical implications of his experimental data, he states:

"In operational display facilities, it is never desirable to have
surrounds that are considerably brighter than the backgrounds.
However, in many situations, a surround somewhat L ighter than the
background is virtually unavoidable, and in some cases (such as
aircraft cockpits) surround-to-background brightness ratios may be *
quite large."

Other evidence is demonstrated by experiments conducted by the Life Sciences

personnel of North American Aviation regarding the effects of high levels of

task brightness, and the effects of repeated changes in task brightness

levels.17 Miller and Middleton note that, considering that current instrument

panel brightness levels are generally less than 30 foot-lamberts, appreciable

changes in light adaption must occur when the field of view is alternately

directed within and outside the vehicle. External light sources encountered

in normal aircraft environments range from: blue sky (2,000 fL), average

earth surface (6,000 fL), to reflection off clouds (10,000 to 13)000 fL).

In the North American Aviation study, four task illumination brightness

levels of 3, 30, 300 and 3,000 fL were presented alternately with a 6,000 EL

adaption source. The results indicated that average performance was not sig-

nificantly degraded by exposure to high brightness on the order of 6,000 fL,

when the normal task brightness is at least 30 fM, and adequate figure/back-

ground contrast is provided. However, when the normal task brightness was as

103



low as 3 fL, alternate exposures to the 6,000-fL level produced marked transi-

tory effects and a significant reduction in average performance. At the lowest

task level, performance was reduced by 907. for 30 seconds subsequent to high

brightness exposure, and required 100 seconds for complete recovery to the pre-

exposure level. The authors show that both visual acuity and contrast sensi-

tivity are reduced by exposures to brightness higher than the task and conclude

that:

"If panel contrast is well above the threshold, increases in panel
brightness beyond 30 fL will not significantly improve (operator)
performance. Additionally, no improvement in recovery time is
obtained by providing additional illumination beyond 30 fM. There-
fore, the designer must expect the operator to perform below his
average for some 20 seconds after being exposed to a severe change
in task brightness." (e.g., "Head out" at 6,000 fU to '"ead in" at
30 fT.)

2.2.1.5 Flicker

Display flicker has been a problem with cockpit displays in many instances,

but within the brightness range required for a VDS display, it has been demon-

strated that 60 repetitions per second is a safe lower limit which permits

satisfactory viewin. This is illustrated in Figure 1913 where the critical

flicker frequency (CFF) is plotted as a function of display brightness and
object area. Higher display brightpes4 values or larger area object sticili

cause higher values of CFT.

2.3 PILLA 8PM GUSOWIO AnD COGtRASTMVIERL

The resolution and conlrast roquircnnts of a cockpit display systto C&a

beat be deterhw~nd by weoans of a zodulatiott transfer analysis *i the toopltet
tqing S.y*etf which the display is part of. In the case of the ¶PS -display

It has been detenined that the most demandig KiT iagi4 perone quite-

neats of the display systez are Wnposed by operating with a hivh •esolution
vidicon sensor system of thn type used for tatriot idenifcto aIY a4~

weapon delivery purposes. For cooparicon purposes an XT? oaalysis was con-

ducted for a coatinuously scanned ad digitally scanned sf&tem.

2.3.1 MVT AnIalySs for Continuously Scannied S'SSten

An NT? analysis was mad of a cocpete high resolution vidicon ivating

ysttas vwit the rtsults plotted in Figure 20. The syste, consists of the

iC.

: • 'ta
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RCA 23073 vidicon, curve 1; an F/12 1/4-wave optical system, curve 2; a servo

tracker system with 2 arc second RMS error, curve 3; and a continvously scanned

display Pyntem with scanning spot sizes of various dimensions (0.002, curve 4;

0.005, curve t.; 0.010, curve 6; 0.015, curve 7; and 0.020 inch, curve 8).

The MTF response of a continuously scanned gaussian spot is the absolute

value af the Fourier transform of the aperture shApe which can be calculated

from the following expression:

_ 2 f2 w2

MTF = e (0.693) (Ref 18)

where f - spatial frequency in cycles/mm

w = half intensity spot width

The MTF response of the diifracrion limited optical system was calculated

from the following expression:

MTF =vD (Ref 18)

where v w spatial frequency

- wa-elength of light

SF = F number
D

The KTF response characteristic for an uncompensated jmage motion in the

focal plaue due to servo tracking errors was calculated from the llowi•jn

expression:

MTF ( , Roif 18)

where a a magnitude of image motion

K a spatial frequency

Tho contrasc deituind function of the lhuman eye wat. caculated for g g•ijio•

wave inpuL at Octhe nornnil cockpit viewing distance o• 2N • hc•.ie, vi'h a prob-

obility of detection of 0.1 for 2 voluer of scrvee brightnegs, curve 9. 20 ft..

a.d culve 10, 300 fl. Curveu 11 and 12 are for toe sdaow ':ooditions at a 14-

inch viewing distance for 20 av, 300 (., respectively. TP- arvA boundoj 1,ý each1

of thie total system performance curves and the contrast demand curves of the

10



eye is a measure of the total imaging capabilities of each system, and the

intersection of the two curves determines the maximum or cutoff angular reso-

lution capabilities of each system.

The results of this analysis are tabulated in Table 15 for the two view-

ing distances, 14 and 29 inches, and two values of screen brightness, 20 and

300 fL. This table lists the maximum angular resolution in arc seconds attain-

able by each diameter spot and the linear dimension of one resolution at a

distance of 10 nautical miles. The percentage degradation in cut off angular

resolution for each system compared to the 0.002-inch diameter spot is also

given. This table shows that the performance starts to degrade at a greater

rate between 0.010-inch and 0.015-inch spot diameters and suffers a very large

performance degradation between 0.0l5-.inch and 0.020-inch spot diameters.

2.3.2 MTF Analysis for a Digitally Scanned System

The MTF response of a digitally scanned system is derived in Appendix I,

with the results shown in Figure 21. This graph contains a plot of a con-

tinuously scanned system, curve 1, with a beam l/2 diameter equal to y and two

digitally scanned systems with the same spot diameter which move different

increments during the scanning process. Curves 2 and 3 represent the maximum

and miniuum response respectively of a digitaLly scanned system with the beam

mvement equal to two beam halt widths (4X - V), which is typical of the

vertical axis of a CRT continuously scanned system. Curves 4 4nd 5 represent

the maximum and minimum response respectively of a digitally scanned system

vith the be" movement equal to four beam half widths (4X 4Y), which is repre-

sentative of 4 digitally canned dot matrix display where the spot diameter is

equal to the dark area in between spots. Maximum and minimtv response curvcs cor-

respond to having the phase relationship of the tri bar test target completely

in or out cd sync with the r'ead t•ut beam. Any other phase relationship would

result in an tiTY curve fallitig betvaet these two extremes. The positive and

negative going spikes occurrig• at distinct spatial frequencies which are hatronics

of the cut off frequency wl•ere the aamplitg theorea (olnimcu, 2 samples per

cycle) is no longer satisfied.

An NTIF anAlysis of a digitally scanned dot matrix display system %as per-

torMed with the results pl)tted in Figure 22. The same vidicon sensor (curve

1), servo systao (curve 2) and optical system (curve 3) were used as for the

lO
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continuously scanned system, but the dot matrix display system used a digital-

ly scanned spot with beam movement equal to 4 half widths (AX = 4y). Curves

4 and 5 represent the minimum and maximum response for a spot di:meter of

0.005 inzh (100 dots per inch) and curves 6 and 7 are for a spot diameter of

0.00625 inch (30 dots per inch). The results of the analysis are tabulated i:1

Table 16 for the 29-inch and 14-inch viewing distance for 20 fL and 300 ft

screen brightness values. The angular resolution in arc seconds is shown

along with the dimensicns of a resolution element (in inches) at a ais-ance

of 10 nautical miles. The percent degradation of the system cutoff resolution

performance is also indicated relative to the 0.002-inch spot diameter con-

tinuously scanned system. This tabulation indicates that the 0.005-inLh spot

diameter digiLal scan in the worst case (minimum responbe) is approximately

equal to the response of a 0.010-inch continuously scanned spot. This is

shown graphically in Figure 23 where r'e digital and continuously scanned

spots are cotpared to the 0.002-inch continuously scannutd case. The 80-dots-

per-inch digital scan corresponds in the worst case (wainimum response) appto~i-
mately to a 0.0125 mil continuously scanned spot.

(The MTF analysis was based on laboratory data on stationary ivmfge. tin

high speed attack aircraft some further degradations would occur due to vi:tr4-

tion and/or buffeting during low *ltu4 high speed flight. It is l-lt,

therefore, that o dot matrix display with a digital read out u4lng a Co.O',-

inch be•m (100 dote per inch) Ahould be eoopletely compatible anfd is cona.1rtr I

optimum for use with a high resolution 1023 TV line vidicon seaotr 'systcto.

The 0.00625-itnh (80 dots per inch) digital system is considered a lower hcoud.•

ot acceptability for high resolution iLaging systezs wtwre au 815 1 V ,nv

vidicon sensor system is used.

2.3.3 Number of Scannkutk Lnesg

The number of active scalining lines used in the display systet =gta h4

compatible with the require-ments of the high resolution sensor systeci with

which it mut interface. Figure 24 1 shows a plot of the target frcoesnitti

time as a function of horizontal resolution. The solid curve is baed c,;,

measured values up to 550 IV lines and is extrapolated by the dashed curve oi

higher values of resolution. Figure 2513 is a similar plot showing how t,,-

I11
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probability of ta:get detection increases as a function of resolution. Both

curves begin to level off at approximately 900 TV lines.

The other consideration in determining the optimum number of scanning

lines is the signal-to-noise ratio performance of the sensor system. An anal-

ysis was made of a high resolution vidicon sensor (RCA 23073) to determine the

signal-to-noise ratio as a function of highlight illumination. The signal-to-

noise ratio is given in reference 19 as follows:

N I _ T 4 rOs F 2

4KTF( 5- + + 20(Is+1d

where:

Is vidicon si;Lal current = 4xlO amps

I d = vidicon dark current - 0.5n0O" amps
R, -=input load resistor

Cl W total input shunt capacitapce,

N, - shot noise equivalent resistance 3f in ptt

F - system bandvidth

K - Boltzmann constant

T - absolute temperature

The results of the signal-to-noise ratio Amlysia tre plotted in rigureZ6

for a 525, 875, 945, aad 1,023-line system with the ba•dwidth selete4d to

give equal horizontal and vertical resolution values. This graph clearly shots

that the useful range of light levels tor a 1023- ine sysrew is uch InsS

(approximately one order of magnitude less) than ior an 875-liin. systes and the

contrast performnce is poorer (considerably lovnr) at .1l lisht levels. The

re•olution ad-,ntage of the 1023ýlitre systet over the 85-liae systeoa is at

least partially offset by the r'Oorer contrast capability of the 1023-1it Sykl

tea. It is therefore felt that the 875 TV line systet- should still be coapeti-

tive with the 1023 W litn systez Wtea&use ov the advantages it offers iO reduc•d

bandwidth (12.9 ?Az vs 19.5 ?*Iz) *nd the reduced stze and complexity o4 the

,ecory required for the digital scam converter which has a ipat on taoý-l

system reliability,

Una_'
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The optimum design goal for a digitally addressed dot amatrix display

system is considered to be a 1023-line system with 946 active scenning lines

using a 100 dots per inch matrix with a 5 mil spot diameter and 2 contrast

ratio capability sufficiently high to permit imaging of 10 shades of gray.

This results in a 9.46-inch square display format.

The first alternate design goal is for an 875-line system with 807 active

lines using 100 dots per inch with a 5 roil spot diameter and a contrast ratio

capable of providing 8 shades of gray. This results in an 8.07-inch square

display format, The aecond alternate is for an 875-line system with 807 active

lines using 80 dots per inch with a 6.25 mil spot diameter and a contrast ratio

capable of providing 8 shades of gray. This results in a display format of

10.07 inches square.

2.3.4 Display Contrast and Brightne Regutieme,,ts

The display contrast must be sufficiently high so as to permit Imaging 8

to 10 shades at gray on t|m display screent in the prese,,e of at 10,000 toot-

Lamrbert a4-iont envirom*nt. This requires an approariawe c'ntast ratio of
12 to I for 8 shades of ,,ray and 23 to I fcr a IC: Aodes of gray cap4biity.

'The display ,oottast ratio fsn b-a calcul~ated from the ~oligexpression. 8

a TflT 2E 11 + K
Contrast Ratio (MR) - " -"...-- (2)

r " i•1&lit screvo brightt•sa
s-lain 0i ae

ZV, ttat,ýrtsslion of filter stack
- transoission of circular potarftinR filter

tS

with roesmrtce tI: is'culrr light
-froat surface reflectance of dic~hroic

coatings

B aabifeat illuai-%acico readout ou display tc

X - reflectance of display vcreen



Equation 2 was solved for display contrast ratios of 23 to I and 12 to I

for a 10,000 fL ambient environment using a circular polarizing filter with a

rejection ratio of 2.8xl0"3 and a transmission of 0.35 with a front surface
-3

reflection of 2 xlO 3 and a display screen reflectance of 0.5. The results

are plotted as curves I and 2 respectively in Figure 27. The highlight dis-

play brightness = 2,200 fl for the 23 to 1 conlrast ratio for 10 shades of

gray, and 1,100 fl for the 12 to I contrast ratio with 8 shades of gray.

Both cases assume optimistic filter performance values and asstMe the use of

a honeycomb filter in front of the display screen to limit off-axis rays in-

cident on the screen to ±15'.

2.3.5 Symbology Size Requirements

The symbol size should bc large enough to permit accurate and rapid char-

acter recognition and the character font should be fine enough to avoid struc-

tural detail. All moving symbology on the VDS formats will have a character

height of 0.205 inch, which subtends ;n angle of approximately 24 arc-minutes

at the normal vivwing disttances of 29 inchls, and the- character font will be:

"lSx2l dot• (vidth x height),

Figur2 is a graph showiti. the general relation of Symbol rsolution

to viewing distaince. The VDS character height (0.205 inch) is shown at the

uorml1 29 Inch cockpit viewing dist~ace, indicating th'at it is well withini the

nortnal ope-rating regioti for good display design.

Figur• 2921 iis a 4-dimensional plot of readout accuracy as a function of

character size, blur, and contrast. The VDS character size (approfictely 24

arc minutes at 29 inch viewing distance) is indicated on the grap. This u01rve

shows tht the accuracy is clo&e to 100I per(orance. Figure 30 ts an

alzost identical 4-diausiomal plot except that the ordinate is speed of read-

out in characters per secood instead of accuracy. The 24 vcinutes of arc charac-

ter height suggested for the VDS is very close to the waxLzup pý.ssible perforc-

ance at approxi=tely 1.35 characters per second.

2.3.6 VIOS Perfornance and Design Objactives

The following design objectives are based on the res•lts of the systecs

perforuatce aivalysis. An11 opticssc design goal is speciiied aloug with a tirst

120



0
and second alternate design goal. The final selection will be based on the

results of the preliminary system design analyses which will consider perform-

ance, system complexity, reliability, and cost effectiveness. These design

and performance objectives cati be used as a set af criteria against which the

various dot matrix display techniques can be evaluated to determine their

potential applicability for use in a 1985 era VDS.

TABLE 17 DOT MATRIX VDS PERFORMACE AND DESIGN OBJECTIVES

Ist Alternate 2nd Alternate

Design Goals Desi?,n Goals Design Goals

1. Display Resolution (Spot Size'\ 0.005 in. 0.005 in. 0.00625 in.

2. Matrix 6pa.;. 'Dots/Inch) 10 0 /in. 100/in. 80/in.

3. Scanning Standard Total Lines 1023 875 875

4. Number of Active Scanning Lines 946 307 807

5. Display Size (Active Area) 9.46 in. 8.07 in. 10.07 in.

6. Frame Rate with 2:1 Interlace 30/sec. 30/sec. 30/sec.

7. System Bandwidth 19.5 MHz 12.9 MHz 12.9 MHz

8. Gray Scale 10 shades 8 shades 8 shades

9. Contrast Ratio 23:1 min. 12:1 min. 12:1 min.

10. Screen Brightness 2200 fL 1100 fL 1100 fL

11. Symbol Size, Height x Width 0.205x0.145 0. .05x0.145 0.20x0.150

12. Symbol Font 21x15 21x15 15x12
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3.0 DERIVATION OF VDS DESIGN GOALS AND WEIGHTING FACTORS

This section will discuss the derivation of the vertical display system

design goals and the formulation of an appropriate set of weighting factors

to evaluate the performance capabilities of the non-CRT display techniques.

The weighting factors will be used to select the most suitable VDS technique

for a 1985 era naval all-weather attack aircraft.

3. 1 VERTICAL DISPLAY SYSTEM PERFORIANCE CHARACTERISTICS AND DESIGN GOALS

T.,e operational performance characteristics and design goals for a dot

matrix type VDS to be used aboard a 1985 era naval all-weather attack aircraft

were derived during the first part of the study and are listed in Table 3.1.

The primary design goals require the use of a 1023 line scanning standard with

a dot density of 100 dots per inch and 10 shades of gray. The first and

secord alternate design goals utilize an 875 line scanning standard with dot

densities of 100 and 80 dots per inch respectively and 8 shades of gray. The

design goal values for a screen brightness of 2500 foot-Lambert with 10 shades

of gray and 1300 foot-Lambert with 8 shades of gray assume the use of a display

output light source with a broad. spectral emission (white light) and an

efficient filter system. For the case of a display technique with a narrow

spectral light output (monochromatic light) such as a laser or light emitting

diode a much more efficient (bandpass) filter system can be used with a higher

rejection ratio of incident sunlight. In thts case it is estimated that the

screen brightness requirement can be a factor of 4 times less than that

required for the broad spectral output lht source and still attain the same

contrast and gray scale values.

3.2 DERIVATION OF WEIGHTING FACTORS FOR THE EVALUATION OF VDS CANDIDATE
DISPLAY TECHNIQUES

A list of 24 of the most important display performance characteristics

and operational parameters was formulated for the purpose of evaluating and

comparing the capabilities and limitations of the non-CRT candidate display

techniques regarding their potential application in the 1985 VDS. These

characteristics were selected as a result of studies which indicated that they

would have a direct effect on the video system performance and could be used

0
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TABLE 3.1 DOT MATRIX VDS PERFORMANCE AND DESIGN OBJECTIVES

Ist Alternate 2nd Alternate
Design Goals Design Goals Design Goals

I. Display Resolution 0.005 in. 0.005 in. 0.00625 in.
(Spot Size)

2. Matrix Spacing (Dots/Inch) 100/in. 10 0/in. 80/in.

3. Scanning Standard 1023 875 875
Total Lines

4. Number of Active 946 807 807
Scanning Lines

5. Display Size(Active Are 9.46 in. 8.07 in. 10.07 in.(Active Area)

6. Frame Rate with6. Fra erate 30/sec. 30/sec. 30/sec.
2:1 Interlace

System Bandwidth 19.5 MHz 12.9 MHz 12.9 MHz

8. Gray Scale 10 shades 8 shades 8 3hades

9. Contrast Ratio 23:1 min. 12:1 min. 12:1 min.

10. Screen Brightness 2500 fL 1300 fM 1300 fL

11. Symbol Size,eih Syo Width 0.2050.145 0.250x0.145 0.20xO.150Height N Width

12. Symbol Font 21N15 21x15 16x12
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as a guide to the eventual determination of whether the candidate display

techniques could achieve the level of performance required for an operational

VDS. A minimum and maximum value was established for each characteristic,
where appropriate, in order to define an acceptable range of values within

which an assignment of points could be made. A set of additive weighting
factors or points was assigned (by NADC representatives) tv each of the 24

characteristics with a total value equal to 100 points. See Table 3.2. The
weighting factors were assigned so that the maximum number of points were
obtained if a particular technique met the design goals specified for the VDS

and a lesser number for lower performance levels down to the minimum value of
the acceptable range. The assignment of points within the acceptable range
was on a linear basis. For some of the more important characteristics, such

as brightness, uniformity, gray scale reliability, volume, weight, and power

a negative weighting factor could also be applied with points subtracted up

to the maximum number allocated for that particular display characteristic or

parameter.

The assignmeut of the weighting factor points was made by NADC in a
variable fashion in order to accentuate the value of the characteristics

considered to be of most importance by the Navy for this application, and to

emphasize the operational characteristics that determine if the display

techniques could perform at the levels required by a 1985 VDS.

The Navy placed great emphasis on the characteristics associated with
reliability (12 points) maintainability (5 points), ruggedness and environmental

qualifications (8 points) which collectively amounted to 25% of the total 100

points. Two of the display characteristics (production feasibility and design
complexity) had no limit established for the acceptable range, so that the
evaluation could assign from 0 to 5 points depending on the degree of design

complexity and the number of production problems anticipated for each display

technique.
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negative dielectric anisotropy, the electric dipole moment of the moiecu'-

has a larger component perpendicular to the moJecilar axis than parallel to

it. When the dipoles attempt to line up parallel to the applied field, as

seen in figure I1 , the nolecular axes are then aligned almost perpendic ilar

to the field. Jnder the influence of the electric field, ions generated near

the cathode begin to move through the crystal towird the anode. The inter-

action of these charge carriers with the aligned ,tolecules reaults in shear

forces and turbulence which in turn produce localized variations in the index

of refraction ana cause incident light to be dynadically scattered.

The display can he viewed in the transmissive or reflective mode. In the

transmissive mode, the light source is placed behind the panel at an angle

appropriate fo-r nondirect viewing. (Direct viewing would result in higher

brightness but lower contrast.) A nonaddressed resolution element is trz•t•s-

parent. Collimated light passes through the trainsparent electrodes and liquid
crystal cell at en angle to the observer and, therefore, the eleme.nt appe.-rs

dark. When voltage is applied, the turbOlenc- condition within the element

causes light to be scattered in the direction of thM vivwer and the element

{ appears bright. The relative brightness or gray level depon~s o~n rho

arvitvu,*e t tihe applied voltage.

In the reflective wsn Je, theo Iight serc. is in f•r•nt of the panel aod

the back electroev are of a specularly reflecting ;hetel. hOen a r" h L he

element is *4dressed and goes intO 'ý dynWAticse SttCorin; Mode, incident lighit

scattered within the aeie-ent and ret leceed4 fron the back electrode catsvqg the

ele*41nt to aPPOar brtVght to the observetr. Light strikiapg a 4404rs~d n

thus transparent eleuetnt is spkecularly relctdCron the back eleoctrv~Ie at4t

angle equal to thle Gagle of lnc idetnce causing4 this element tn appepr dark to

thle viever. The relAtive brighltness of tie W,\ eletment is ag4in S' fVun.tion n-f

the applied voltage and resultant scatterbi,; fntenoity.

ifl dYrA--ic scattering9 4Y ccndvction-itdgced tc4rbulea?,Co0 th'e *rturolU 4V dcay

tioes are relatively long, to *too meered ntt,

ca;n be achieved by osci~latin)g docain.. of liquid cry~talk uolecules thjr"me,. the
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use of ac excitation in a critical frequency range. In both cases, the ON ele-

menL becomes milky white; however, the scattering and hence the contrast ub-

tained in the oscillating mode is less than that produced by the intense

turbulence of the dynamic scattering mode.

The nmjor characteristics of the liquid crystal matrix display are

itemized and discussed below.

o Panel Fabrication - The basic construction of the panel is fairly simple

- a thin layer of liquid crystal sandwiched and sealed between two elec-

troded glass plates. The result is a low cost, relatively rugged flat

panel that can be built in a wide range of sizes and shapes and is

amenable to batch fabrication.

o ResQlutio'1 - The resolution -)r number of elements per inch is limited

mainly by the electrode deposition. It is not unreasonable to anticipate

liquid crystal displays with resolutions of 100 to jOO elements per inch.

The spot sizo is also a function of eleetroding and is equal to the Co-

incident area v-( the X and Y electrodes at the crosspoint.

o flrightileps - Hligh horigfleness values can 4e achioved Sifice- the ctSPICav is
not za light generator, but deptndsa "n an externAl light sourct. for tillumi-
nation. )Laplay brightitos; then is limited #%aiinly by thue intelisity 'ol theo
sourcea.

o I±±g-onrasi L to contrgat iattos (ratio of th*- brightness of anaci'a!z

to a ttonActtv;Atcd elo~ent) have been achlovesi, sýficiknc to Ksbtan voer

Qi~ght gray sA44es (,%2 briphtness leveWs) Thoue contrast ratios have b~een

obtaintýt$ byý 4pifVA the yure 41eisatic Liquiol crystal to I4%-at its tesistivtty.

Thet lvproved conVductw* iZy ivcrtases, the dya&et cattering. and also rabort-
005s the rnpons 0,of th# cty7ttal. ThZe4ievtkeaLvrdheer

ara sus~e~uet nrroing OW h ntmatic phase, tempere-Ure tangoL 4?re to
the 4lep~v, a&W a h4Mre power co-nisixtzptiom oit-t theý p;;nel 4u* to tf,*

S(Vof the otzo lproblemvs io cockpit displaky a.icinsis the I-OAR
kvf co~Wart or Nali~out" of the diurlay ander high axbientiluntcn

c ooita I; ns. Although the trraismissive vivwing. tead has been found to be



more pleasing to the eye, the obvious advantage of operating the liquid

crystal display in the teflective mode is the increase in display contrast

as the ambient light level increases. Note that the contrast changes with

viewing angle so that the optimum viewing angle will depend on the position

of the light source relative to the display.

o Color - Addition of a pleochroic dye to some types of nematic liquid

crystal can be used to obtain a multicolor display. Pleochroic dye mole-

cules will absorb plane-polarized light .hen they are oriented In a par-

ticular direction with respect to the plane of polarization. Since the
"guest" dye molecules are forced to line up in the same direction as the

"host" liquid' crystal molecules when an electric field is applied, a varia-

tion in the color of transmitted light can be achieved by an appropriate

variation in the applied voltage across each cell.

o Storage - Mixtures of nematic and choLesteric crystals also exhibit a dy-

namic scattering effect due to turbulence produced by the migration of ions

under the influence of an applied electric field. The light scattering

centers, whicn consist of interfaces between the two kinds of material,

will remain for a period of hours or even weeks after the field has beell

removed. Thu molecules can be reordered by an audio frequency voltage

waveform.

o Envirn1mntAtl Limitation, - Liquid crystals currently available have

limited temperature ranges and are sensitive to stray fields, mechanical

otress, impuritiea, etc. Naty liquid crystals becotn crystalline solids

near roos' temperature; houever, a combination of the two most commonly

used cryst'Is, MBM and EBBA, has a temperature range extending from 41%ut

-10 to 50 0C. With ruggedization, shielding and operation in a teroperature-

controlled environment, the liquid crystal display ahould be a high-

reliability device.

0o ifetime - One of the major problems with liquid crystal displays has been

short life. The coeonly use*6 Schiff-base materials, such as HBUA and

EBBA, are compoutnds that hydrolyze in the presence of moisture, acids and

bases so that great care must be t.ken. during assembly of the panel before

sealing. These compounds also suffer some decomposition under ultraviolet

1
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irradiation. In order to avoid the decomposition of the Schiff compounds,
which occurs at the carbon-to-nitrogen double bond, another class of com-

pounds is being investigated that uses carbon-to-carbon double bonds and

is moru resistant to deterioration. Another possible source of performance

degradation is the use of a dopant which increases the contrast and

shortens the response time of the liquid crystal but also increases the

possibility of adding impurities to the crystal.

In addition to fabrication related sources of deterioration, there are
cperational source:, such as ion depletion which cause , gradual reduction

in contrast. Th3 differential nature of the photochemical and elec-

trochemrical deterioration over the display area results in nonuniformities
in brightness, response time, etc. 'rests have shown that dc driven

liquid crystal cells can have lifetimes of 1000 hours or less, primarily

due to ion denletion. Operation using ac voltage waveforms will extend
rie panel lifetime to 10,000 hours. A value of 50000 hours for 4C

Operation appears feasible in the future.

o Switchn., Voltage - The dynamic scattering thres, jiC voltago. for a 0.5 rail

thick nematic crystal layer is about 7 to 8 volts As the voltage is in-
creasd�, the intensity of scattering Mnd 'he associated contrast ratio
increase until a saturation point is reached (10 to 40 volts depending on

the crystal t/pe and thicknebs), The low operating voltages permit the
use of integrated circuitry so that ultimately the addressing circuitry

could he constructed on the backplate of the liquid crystal sandwich.

0 PVwer - The tajtr -okcion of the power will be dissipated it, the driver

circuits rather than within the display panel itself due to the rapid

cbargin• and discharging required of the display element capacitances and

stray bub bar capacitances, particularly at high update rates. In general,

houever. power requirements are very low even when operating at high scan-

ning rates or using high frequency voltages to shorten the element decay

t ime.

a Threshold Problem - The nematic liquid crystal does not have the threshold
characteristics required for a good operation in a matrix-addressed display

syste=. While the full voltage is applied to the ON element, all ocher
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elements along the row and column electrodes are subjected to a disturb
pulse. The lack of a sharp threshold permits these elements to be par-
tially activated. Shunting in the matrix sends part of the voltage to
surrounding display elements which also go into the dynamic scattering
mode and cause cross talk or lack of contrast. Some of the schemes con-
sidered to eliminate these problems include the following:

1) The use of an appropriately biased diode at each resolution element
to provide a threshold. All diodes would be biased off except those
coincidentally selected by row and column signals (RCA).

2) The use of a ferroelectric ceramic layer in contact with the liquid
crystal layer. When an ac voltage is applied to the double layer,
the voltage effectively encounters a nonlinear and a linear capaci-

tance in series. By suitably adjusting the capacitances, the voltage
can be made to rise very rapidly across the crystal layer as compared
with the total voltage across the sandwich. In this manner, the

voltage at adjacent elements is well below the level required for
activation. The polarization characteristics of the ceramic mate-
rial can be used to achieve storage capability. (Siemens AG)

3) The application of two-frequency coincidence addressing which takes
advantage of the different responses of certain nematic crystals to
electrical signals of different frequencies. By simultaneously ap-
plying ac voltage waveforms to an X and Y electrode, one above the
dynamic scattering frequency range and the other below it, the ad-
dressed element at which the two frequencies coincided would be OFF.
The elements where the two frequencies did not coincide could be
turned ON. Present disadvantages to this technique are several scan-
ning cycles required to reach peak response and higher voltages
(-50 volts) to get adequate response times and contrast ratios. (GE)

o Scanning Rate - The major problem in developing a liquid crystal display
capable of presenting video information at 30 frames per second is the
slow rise and decay time. The rise time (time required to reach 90 per-
cent of peak scattering measured from the instant the excitation voltage
ii applied) and the decay time (time required to drop to 10 percent of

0
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peak scattering measured from the instant the excitation voltage is re-

moved) are both function-3 of the liquid crystal material, its thickness.,

temperature, conductivity, and the amplitude and frequency of the applied

voltage waveforms. Typical nematic liquid crystal cells have rise times

of I to 10 milliseconds and natural decay times of 20 to 1000 milliseconds

following excitation by do or low frequency ac current.

In order to operate at 30 frames per second, each liquid crystal cell

must be addressed, must rise to the required dynamic scattering level, and

must decay, all within 33 milliseconds or less. A one millisecond rise

time can be obtained using a very thin layer of a nematic crystal having

the appropriate resistivity. The decay time, however, even when operated

above room temperature, is still marginal and sufficient to produce smear-

ing. Two techniques can be used to reduce the decay time to less than 10

milliseconds. The first requires the application of a high amplitude

voltage pulse (-200 volts) about 5 msec after the excitation voltage has

been removed. By this time, the ions which had been migrating under the

influence of the electric field have been neutralized and the high voltage

pulse forces the dipole moments to realign themselves parallel to the di- $
rection of the field. The second scheme also quenches the decay time by

removing the turbulence conditions, but does so with tha application of an

ac voltage waveform (10 to 40 kHz) during the 5 msec after the excita-

tion voltage has been removed.

Assuming then that the rise and decay times can be adequately con-

trolled, the problem of addressing each element and maintaining the re-

quired voltage across each element for the full 1 msec rise time remains.

If a 1000xl000 element display were addressed a line at a time, a frame

time of 1000 lines x I msec/line = 1 second would be required. This sys-

tem would also require 1000 drivers to simultaneously modulate the 1000

elements per line. Obviously, some technique must be used to maintain the

voltage across the element after it is addressed, thereby enabling all of

the one million elements to be written in a 1/30 second frame time (-30

jisec per line or .03 psec per element). Several such schemes are described

in Reference 1 for both do and ac excitation of a liquid crystal matrix

display. One of the simpler dc schemes has two diodes and one capacitor
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associated with each resolution element as reproduced in figure 32 . When

a particular element is addressed by applying Voltages to the appropriate

X and Y eleptrodes, the reverse bias of the "set" diode D i.ý exceeded and

a voltage is produced across the liquid crystal element and the capacitor

which awe in parallel. The capacitor maintains the charge for the rise

time interval or until the end of the frame at which time the •verse-biased

diode D2 is forward-biased, thereby completely discharging both the liquid

crystal element and the capacitor. Thus, diode D, provides an adequate

threshold for matrix selection while the combination of capacitor C and

diode D2 maintains the addressing voltage across t1• element up to a fill

,frame tiie, permitting lower excitation voltages and higher average bright-

ness. Isolating devices other than diodes are also considered auch as

field effect transistors and gas discharge cells.

NEGATIVE
RESET PULSE
GENERATOR

LC CIT
NEGATIVE R
ROW PULSE
GENERATOR

- •POSITIVE
COLUMN PULSE
GENERATOR

T

FIGURE 32 ADDRESSING CIRCUIT FOR ONE LIQUID CRYSTAL ELEMENT

AA2,013 58
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The use of such techniques will not only enable the display to operate

at video rates, but may also reduce the number of required drivers from

1000 for a line-at-a-time addressing (30 fisec per line and therefore 30

4sec per element) to as few as 10 drivers for 10 elements-at-a-time address-

ing (30 f.sec per line and only 0.3 ýsec per element). The reduction in

drivers and the corresponding reduction in circuitry would enhance the

system reliability.

4.1.1.1 Soumary

The liquid crystal display is one of the most promising techniques for

satisfying the performance requirements of the vertical display system.

Its major advantages are low voltage, low power and low cost, electrical com-

patibility with MOS driver circuitry, high resolution, high brightness and good

contrast even in direct sunlight. The main disadvantages are half select and

cross talk problems, slow response and decay times, complex addressing circuitry,

limited temperature range, differential aging and high sensitivity to fabrica-

tion tolerances.

The ultimate feasibility of the liquid crystal display for the VDS appli-

cation will depend on thn development of an adequate scanning or multiplexing

scheme to address tne display matrix. The requirement of one or more circuit

elements for each resolution element in the displey, in order to provide an ade-

quate threshold and to scan at video rates, will nacessitate the use of inte-

grated circuitry and mass-fabrication techniques. "h, eventual solution will

probably be a silicon substrate as the backplate of 'he liquid crystal sand-

wich with the circuitry, including the modulators, formed by advanced semiconduc-

tor technology on the chip. In the case of a 10 inch b- 10 inch matrix display,

a modulator structure could be constructed consisting of perhaps 100 integrated

submatrices, each on a 1 inch by 1 inch silicon chip backplate. Additional com-

plexities would be encountered in the assembly and interconnection of the sub-

matrices to prevent daztage to the circuitry and to maintain linearity.

Should methods of fully integrated circuitry fabrication be developed for

addressing large size, moderate resolution panels and should the device .-a rug-

geaized and operated in a temperature-controlled cnvironment. the liquid crystal
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1A matrix display will acquire the performance characteristics and reliability

requirements for the VDS application.

4.1.2 Ferroelectric Ceramic Displays

Ferroelectric materials have two basic properties which enable them to be
used as electrically controlled light valves: 1) Thin optically polished plates
of certain fine grain ceramics which have been properly doped exhibit a high
transmission of optical radiation; and 2) Polycrystalline ferroelectric ceramics
can be given lasting polar characteristics by the application of a dc electric
field for a short time in a process called poling. In the depoled state, the
ferroelectric domains are randomly oriented. The application of a dc poling
field causes the domains to orient themselves in a direction favorable with
respect to the field, resulting in a spontaneous dipole moment. Reversal of the
fleld polarity causes the domains to be reoriented, thereby shifting the sponta-
neous polarization vector. The ferroelectric domains and their field-induced
motion can be observed visually when the crystals are suitably oriented between
two crcdsed polarizers.

Figure 22 illustrates the operation of a bismuth titanate display under
development at RCA Laboratories and Princeton Materials Science. A nine-
resolution element display is shown in which the letter "T" has been written.
To take advantage of the two optically distinguishable states which occur when
the c-axis component oi Lhe polarization vector is tilted, the display is
fabricated with the c-axis of the monoclinic crystal perpendicular to the
incident illumination. Each line of resolution elerients is then constructed
from a thin bar of the bismuth tiLinate. A common row electrode is deposited
along the bottom face of each bar. The individual resolution elements are
formed by individual electrodes on the top surface of ths bar with the elements
in each column connected by a common conductor. Matrix addressing of a particular
element is achieved by coincident pulses to the appropriate row and column

leads.

The electric field is applied in a direction transverse to the direction
of the illuminating light and orients the polarization vector as shown, for
example, in column 1, row 3 of figure 33 . (The ýrrows shown within each of

I
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the nine resolution elements on the bars represent the direction of the induced

polarization vector and its components in the a- and c-axis directions.) With

the polarizer oriented as shown, only light plane polarized in the indicated

direction will be incident on the bismuth titanate structure. The analyzer is

then set for extinction, no light is transmitted to the screen and the element

is considered to be in an OFF state. Electrical switching of the electrodes

causes a small rocking of the spontaneous polarization vector (-10 degrees) to

a direction as shown in column 1, row 1. The extinction angle, however, changes

by about 40 degrees, and light is then transmitted through the analyzer resulting

in an ON element. The polarization directions shown in the nine-element display

are those required to compose an optical "T" pattern.

The ferroelectric ceramic display could be fabricated as a single crystal

as shown in figure 33 (2) The c-axis of the crystal is now directed perpendic-

tlar to the polarizers rather than parallel to them. The electrical switching is

accomplished by transparent row and column electrodes on the a b eurfaces. The

crysNal is mounted between crossed polarizers and tilted at an angle to the

incicent lighL. This technique reduces the fabrication comploxity but also

degrade. the optical performanct due to a decrease in light transmission and i

Sranid change in contrast ratio with viewing angle.

o Panel "abrication - Crystals mast be prepared in the form of long, highly
polished bars. Present growth and processing techniques mast be improved

to yield large, high-quality twin-free crystals. The b and c distensiona

must be very thin to obtain optimum optical performance at reasonable

operating voltagee, and must maintain close tolerances to obtain good elec-
trical and optical uniformity. A large number of bars must then be stacked

together and insulated from each other to obtain an adequate size display

(1000 bars for a IOO-lit. display). The assembly and interconnection of

the bars into a matrix will present difficulties in maintaining linearity

and preventing dnage to the electroding -nd circuitry.

o Resosi ion - The resolution is limited by the c dimension of the crystal

and the spacing required between tha elewnt electrodes along the bar.

Reference 2 indicates that if c Is the height of the ele=eniD the spacing

between adjacent elements in a row mast be 0.1 c to prevent arcing and
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cros@ talk and the spacing between the stacked rows must be 0.1 c to per-

mit the insertion of an insulation layer. Resolutions of 100 elements

per inch should be attainable.

0 Brightness - High brightness can be achieved since the brightness is deter-

mined only by the intensity of the light source situated behind the panel

and the transmission of the incident illumination through the bismuth ti-

tanate. The transmission efficiency can be increased by polishing and coat-

ing the crystal surfaces and by using collimated and monochromatic light.

o Uniformity - Uniformity should be a problem becaus. oi the strict fabrica-

tional and dimensional tolerances required to obtain good electrical and

optical uniformity.

o Contrast - Contrast ratios can be high due to the large difference between

the optical extinction directions for the two electrically-switched c-axis

states. A contrast ratio of 300 to 1 has been measured with collimated,

normal light and 20 to 1 for light at an angle of 300.(3) Uncollimated

light will reduce the contrast, as will depolarization of the light dtje to

any surface roughness or reflections. High contrast, therefore, requires

proper polishing and surface-coating techniques.

o Gray Scale - It is anticipated that gray scale can be achieved by partial

switching of the ferroelectric domains. A series of vertical dark and

light bands are produced between the electrodes when c-axis electrical

partial switching occurs, with the ratio of dark to light proportional to

the amount of switching. These bands are integrated by the eye to form

one resolution element of appropriate grayness.

o S - The display has inherent storage for an indefinite 1)eriod. r'oe

polarization vector will remain in the switched position after the switch-

ing voltage has been removed.

o Swiýchinjt Voltage - The voltages required for complete switching are a

function of the c dimension of each resolution element and the length of

time it is applied. For a 100-element-per-inch display operating at video

rates, the switching voltage should be about 150 volts, which is too large

to be provided by integrated driving circuits at this time.
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a Threshold - Although chere is no absolute switching threshold, bismuth
titanate can tolerate a large number of matrix half-select pulses before
the remanent polarization state is appreciably disturbed. This is pri-
marily due to its highly nonlinear switching speed-electric field charac-
teristics. Reference 2 indicates that for a lO00-line display in which
elements must be able to withstand 1000 disturb pulses of 30 ýisec each,
the remanent polarization would be disturbed by only 10 percent.

0 Scanning Rite - The addressing time per element can be as low as 1 fsec,
although 10 ýsec is a more reasonable value to assure complete switching.
If an element is left in one state for an extended length of time, subse-
quent switching is slower. Fast switching can be restored by the applica-
tion of several cycles of complete switching (possibty at the end of each
frame) or by the application of a low level ac field during the element
waiting period. To compensate for the waiting time and self-reversal
effects, the width of the switching pulse should be extended to about
three times tha of the direct switching rize requirement. This would
indicate a required Wdressing time of 30 psec per element, which in turn
indicates the requirement for a liae-at-a-ttme addrwtsing in order to

scan 1000 lines in 30 millisec.

o E - Power requirements are tow. The power dissipated vithto the panel
due to switching of the elements along the C-axis it estimated to be about
8 millivatts/c=2 for a 30 irA'us/sec ratc. Oce an eleaet has been
switched, no holding voltage is required to oaintain it in that state.

o Lifetme - The bismuth titanate display exhibits an shelf fatigue -Ad no
fatigue due to continuou, electrical a~tchitn. May depoling that ocours
after a large aumber of c-axis reversals is generally near the ab sur-
f aes so that the Oajor ponrtion of the vieving area is unaffectet. The
*ajor reliability problems will oc•ur witb the complex addressiia- tir-
c-Aitry required rather than with the display prwel itsalf.

1
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4.1.2.1 SýnunrY

The ferroelectric bismuth titanate display has the advantageg of being

a flat panel device with good resolution, high trightness, adequate co trast

ratio, low power, inherent storage and minimum, fatigue problems. The Jis-

advantages are strict compositional and geometrical tolerance requirercnts

for the crystal, fabrication and assemoly difficulcies with the stacked bar

per line approach, high drive voltages, line-at-a-time addressing requirements

for video rates with its associated complex circuitry, mnd the dependence of

image quality on the monochromaticity and coliimation of the illumination.

The ferroelectric ceramic display received a relatively high rating in

the evaluat'ion scores. Althotgh the device is still iu the very early stages

of development, it appears to have great potential for the future base( on

the feasibility study conducted by WA.(2) While the panel fabricatioti

difficoulties and the complex matrix addressinA, circuitry are both formidable

Sproblems in the development of a 1000xlO00 element dizplo., the technique is

very promising due to tho lw sOne, weight and pvoier requirements and (heI excell~ent optical pt-rfor ac anticipated.
.|
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4.1.3 Magneto-Optic Display

The nqgneto-optic display panel consists of three basic components, as

shown in figure 4-4, electrical input, magnecic memory, and optical output.( 4 )

The flat panel device is constructed on a glass subst-zate on which an X-Y matrix

of ccnductors, isolated from each other, have been deposited. The next layer

is an electrodeposited nickel iron film having a regular magnetic domain

structure. In intimate contact with the NiFe film is a colloieal suspension

of ferromagnetic particles in an aqueous solution called a Bitter's solution.

After sealing with a glass cover plate, the result is a thin sandwich structure

in which local optical gratings corresponding to resolution elements can be formed

and used to control incident light in display applications.

The method used by General Electric to form a single resolution element is

illustrated in the lower portion of figure 34 (4) By applying a burst of about

10 cycles of ac current to o...e conductor and a dc pulse of about 1.5 times

the dutation of the ac pulse to a perpendicular conductor, the.- oincident

addressing of the particular element produces a magnetic field which in turn

causes stripe domains to be oriented in the NiFe film. The domains are oriented

- in the direction of the magnetic field, i.e., perpendicular to the dc current.

The purpose of the ac waveform is to establish a threshold by disturbing or

"jittering" the domains so they may be aligned by the dc-produced field. The

spatially regular domain strucLure at the surface of the film magnetically

attracts the ferromagnetic iron particles in the Bitter's solution to form a

glomerate particle grating or array. When the panel is illuminated, light

diffracted by this small array of stripe domains is integrated by the eye and

constitutes one ON resolution element. Erasing is accomplished by interchanging

the ac and dc waveforms. The old glomerate particle grating is thecmally

dispersed and the new one is magnetically precipitated in the orthogonal

direction. A line-at-a-time evasin6 •an bc achieved by an appropriately large

ac current along that conductor.

The three orthogonally oriented diffraction gratings shown in the figure

represent three resolution elements. The illumination 4ngle is adjusted so that

. .f. .. • *. i •t g;der .dAifracte. energy. fn the element in the written, state is,

directed to the viewer. The diffracted energy from the two erased or OFF
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9elements travels in in alternate direction, is eliminated by the use of baffles,

and nevar reaches the observer. Although the elements are bistable, that is,

either ON or OFF due to the orthogo:zal nature of the matrix conductors ar[d the

stripe domains, some gray scale capability could be achieved but at increased

addressing complexity.

0 Panel Fabrication - The construction of the display panel has some problem

Lr,!as, the most dlfficjlt being the fabrication of a magneticelly efficient

film (function of composition, thickneas, mechanical and magnetostrictive

stress effects) and the method of sealing this film with an overlay of a

reactive aqueous solution between two glass plates. If batch fabrication

should become practical, the panel will be fairly iaexpensive to manufacture.
There is no fundamental limitation on the display size.

0 Resolution - High resolution is possible since the number of elements per

inch are limited by the conductor deposition and spacing rather than by the
domain structures. The size of the resolution element is also a function of

the conductor size with che element area being equal to the coincident area
]of the X and Y conductors at the cross points. Typical element sizes range

from 0.100 inch to 0.001 inch.

o BrZghtnass - Display brightness is direcýly dependent on the intensity of

the light source. Although the conversion efficiency of illuminating light

into display-image light is only I to 5 percent for this panel, very high

brightness values can be achieved (GE has demonstrated 10.000 foot-lemberts).

o Contrast - Good contrast ratios, which are a function of the Magjnetic filM

thickness, have been demonstrated (-30 to 1). Both brightness and contrd:3t

boiever, are strongly dependant on the viawing angle Aue to the diffractLon

grating effect which is used Lo form the resolution elements. The wavelength

dependence of the diffractioa angle produces a rainbow offtct as the

observer changes his position. Multiple line sourcto of light can he

used to produc, a stuperposition of diffraction images with different

wasvlengths ot the potnt of observation in order to obtain white images

on 4 dark background. A m-ethod for i1uU)atp ; the V0 ispJay paouX.

uniform•1 - a.st also b? Ceviq-.d.
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In the case of the liquid crystal display, the contrast is enhanced as

the ambient illumination is increased. In the magneto-optic display
however, the necessary positioning of light source and observer with

respect to the display panel indicates that the contrast of the display

will be degraded rather than enhanced under conditions of high ambient

illumination.

o Storage - The magneto-optic display technique has electronically controlled

persistence. The optical grating formed by locally magnetizing the film in

that direction can be maintained until a reversal of the current waveform

and polarity is init-ated.

o Switchiig Voltage - Very low switching voltages are required, on the order

of one volt.

o Power - Power requirement,- are high. A current of about 5 amps per conductor

is needed tc proedce a magnetic field sufficiently intense to orient the

stripe domains in the V:i Fe film.

o Threshold - An excellent threshold is obtained using the ac waveform to

coincideut current address the display elements.

o Scanning Rate - The present switch 4ng time of 10 jisec (dc - ac pulses)

per resolution element is limiued by the driver electronics, not by the

respcnse time of the magneaIc domains. The operation of a 1,000 line

display it a 1/30 sec frame time allows about 33 pisec writing time

per Iin,. At 10 4sec scan time pet element, the magnetc-optic

Oisplay apist be nddriessed one-third of a line at a time to achieve a

33 ksec line time. A 1000xl000 aletrn. display would then require

over 300 drivers to giriuitaneously modulate the current in over 300

conductors, each requiring a triggering current of I to 5 amperes. Future

optimization of the driver electronics deqign and reduction of the driver

current requirements should increpse the writing speed.

o Size - Although the magneto-optic technique is -ssentiaily a flat panel

disply, 1-he required placement of the light source in front of the panel

". to p and..thh&viewer results

in a bulky optical system. Methods of placing the illuminating optics behind

the display surface are being investigated to prevent the obstruction of the

observer's view.
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o Lifetime - While the lifetime of the display surface is about 1.5 years,

the life of the display panel may be affected by the life of the seal and

interaction between the seal and the Bitter's solution. The aqueous

nature of the Bitter's solution also makes it necessary to keep the

temperature of the panel above freezing level. In addition to chemical

aging, the reliability of the display system will depend on the address-

ing and driving circuitry. Currently, over 300 drivers would be required

to address a 1000xlOOO element display at video rates. This complex

circuitry with 1 to 5 amps triggering current required per conductor is

presently the major reliability limitation.

4.1.3.1 Summary

Although the magneto-optic display technique has the advantages of high

brightness, good resolution and contrast, inherent memory and low switching

voltages, it has several significant disadvantages such as a high triggering

current, narrow viewing angle, bulky optical system, questionable gray shade

capability, and requires 1/3 line-at-a-time addressing for video rated. At

the present time, the driver electronics limit the writing speed and represent

the largest contributor to the size, weight, pouzer and cost of the display

system. The device is still very early in the developmental stage, however.

It is anticipated that improvements in the electronics design, the use of

integrated circuitry. and reductions in current and power requirements will

increase both the scanning rates and the display reliability.

1
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4.2 ELECTRON BEAM-ADDRESSED LIGHT VALVE DISPLAY TECHNIQUES

The three light valve schemes discussed here - the cathodochromic storage-

display tube, the deformographic storage-display tube and the oil film tele-

vision display tube - differ from the previous three techniques in that an

electron beam is used to address the active display area rather than the

coincident current address of a conductor matrix. A CRT-type electron gun

and vacuum tube is required in contrast to the flat panel configuration of

the matrix addressed displays. A brief description of the display tube

characteristics and of their ability to satisfy the VDS requirements is given

below.

4.2.1 Cathodochromic Storage-Display Tube

The cathodochromic display tube uses an electron beam to produce a

reversible coloration in iodalite target material and thereby store infor-

mation until it is thermally erased. The storage tube currently under develop-

ment at RCA Laboratories(5) uses electron guns and deflection means similar

to their black and white television tubes. The target structure as illustrated

in figure 35 consists of a transparent sodalite: Br powder layer in which the -

electron beam induced coloration occurs, a transparent heater for image erasure

and a supportive transparent mica substrate mounted just inside the tube

faceplate.

The electron beam scans the target and writes an image on the cathodo-

chromic layer. When viewed in the transmissive mode, a light source is placed

behind the tube. The variation of light transmitted through the layer provides

a display image to the observer viewing the faceplate. The image will remain

indefinitely (months to years) until it is thermally erased by the transparent

heater which also serves as a charge collector during the write interval. In

the reflective mode, the cathodochromic layer is aluminized and the target is

illuminated from the faceplate or viewer side. The heater layer is deposited

on the viewer side of the mica substrate in this case to minimize the electric

field produced across the sodalite layer during erasure. The thermal erase

tube is considered superior to the optical erase due to the higher contrast

niaddition, the optically estive material used in the

)
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CATHODOCHROMIC POWD~ER LAYER

TRANSPARENT HEATER

SUBSTRATEA

FIGURE 35 CATHODOCHROMIC STORAGE - PISPLAY tUBE
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thermal erase mode allows an image to be illuminated and displayed without

destroying the storage.

"o Fabrication - The cathodochromic storage display tube is an inherently

simple device, similar to the conventional monochrome TV tube, and should

be inexpensive to manufacture.

"o Resolution - The resolution is limited only by the size of the scanning

electron beam spot.

"o Brightness - Very high brightness values can be achieved since the

display brightness is source dependent.

"o Contrast - Higher contrast ig attainable in the transmission mode than in

the reflective mode. In the transmissive mode, all the !ight reaching

the viewer must pass through the cathodochromic layer so that all the ab-

sorbing centers produced within the layer by the scanning electron beam

affect the dis-,lay image intensity pattern. In the reflective mode, it

is primarily the absorbing centers in the particle layer nearest the

viewer that determines the contrast ratio, therefore longer frame times

are required in the reflective viewing to obtain the same contrast as

transmissive viewing.

In a 500-line display, contrast ratios of 10 to 1 have been obtained

with a frame time of 60 seconds (240 isec/element dwell time) in the trans-

missive mode and a frame time of 108 seconds (432 [sec/element dwell time)

in the reflective mode. The contrast also determines the erase time, a

longer time being needed to erase a higher contrast image.

o Scanninn Rate - In a 1000-line display with W000 elements per line, a frame

time of 240 seconds (240 isec/element dwell time) would be required to

write a display image having a contrast ratio of 10 to 1 in the transmis-

sive mode. The minimum time in which a 10 to I image can be erased is 2

seconds. Note that the VDS application requires a write time of .033

ýIsec/element corresponding to a 1/30 second frame time and a decay (or

erase) time of less than 1/30 second in order to display dynamic images

at video rates.
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o Power - The major power requirement is the transparent heater layer used
to erase the image in the cathodochromic layer. An erase power of 12
watts/in2 is required to remove an image having a contrast ratio of 10 to

1 in 2 seconds.

o Size - In addition to the 5-inch tubes using 100 - 500 ýa peak currents
and magnetic deflection, RCA has also constructed an electrostatically
deflected 8xlO-inch. tube with a post deflection expansion mesh resulting

in 20 4a screen current.

o Lifetime - The target structure of the tube currently has a short life
due to the thermal shock to the heater layer produced by repetitive

erasures.

4.2.1.1 Summary

The cathodochromic display tube is a relatively simple, inexpensive CRT-
type device suitable for applications in which long storage times are desirable
and slow address rates do not present a problem. The fast address rates re-
quired for the VDS application (.033 lsec dwell time per element) to update a
1000xlOOO element display 30 times a second rule out the consideraticn of this
display technique at the present time.

4.2.2 Deformographic Storage Display Tube

The deformographic (DFG) display tube uses a rigid, deformable and re-
usable film to store a video image and allow it to be displayed continuously
for an almost indefinite period of time. The basic components of the DFG
display system arG shown in figure 36 . The tube contains a write gun which
produces a modulated electron beam that scans the DFG film and deposits an
electrostatic charge pattern proportional to the input sigual. Developmental
tubes have allowed the electron beam to impinge directly on the DFG film or
to write the charge information on a mica substrate with the DFG film deposited
on the opposite side. The film can then be maintained in a separate vacuum
chamber. The electrostatic force between the latent charge pattern on one
side of the film and a grounded plane on the other causes the DFG material to
distort in the form of a depth-modulated diffraction grating. By placing this
grating in the image plane of a schlieren optical system, the amplitude of the

C
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deformation at each point on the film determines the angle at which the inci-

dent light passing through the schlieren input bars is refracted and

correspondingly how much light will travel through the schieren output bars to

the display screen. If the input slots of light are initially imaged onto the

output bars so that no light reaches the screen when the film is smooth, the

subsequent deformation of the film by the image charge pattern will result in

a brightness pattern on the screen proportional to the depth of the groove

created in the film surface.

The film deformation can be removed by heating the film to a temperature

where the restoring surface tension exceeds any residual electrostatic force

or the surface can be made smooth by flooding the film with electrons from

the erase gun, as shown in figure 36 , to achieve a uniform charge distribution

over the target area. The present inability of the DFG film to deform rapidly

enough to allow imaging information to be written with good contrast at video

rates, and the length of time required to erase that deformation pattern complete-
ly in preparation for the next frame presently prohibit televisiou-t:,pe operation.

o Fabricatioa -The DFG display tube is currently in the developmental stage.
The write gun, erase gun and deflection ueans are similar to conventional

CRT storage tubes. Therefore, the primary fabrication problem is the DFG

filw, its composition, resistivity, thickness, resilience, uniformity,

flow and degradatIun characteristics, etc.

o Briihtneus - The display brightness is source dependent. Note, however,

that the use of schlieren optics and a projection system result in a

relatively largo light lose and therefore require a high pager light

source to Achieve high screen brightnass levels.

So g - The resolutiotv is limited only by the electron beam s~pot

soie and can thus be very high.

o Contrast - The contrast achieved is a function of beam current and writing

speed. IIN is currently obtaintog a contrast ratio of 30 to I for a 250

nanoaec dwell tioe per resolution element (10 shades of gray).( 6 ) An esti-

&ated 10 to I ratio can be achieved in a 1000-line display with a dwell

time of 30 to 50 nanosec per elefent (5 shades of giVay).

4L+
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0 Scanning Rate - If the present scanning rate of 250 nanosec per resolution I
element can be reduced to 30 nanosec, a 1000xlOOO element display can be

written in 30 millisec, which is equivalent to the TV frame time. The

continual display of video information, however, will depend on the erase

time. The IBM tube, which currently requires a 60 millisec erase and de-

cay time (equivalent to 2 TV frame times), anticipates a reduction to 0.5

millisec.(6) Should the development of the IBM tube proceed as expected,

a 1000-line storage display tube will be capable of video rat'e display

with 5 shades of gray when operating in a nonstorage mode.

. Power - The storage tube itself requires very little power (-8 watts).

The major power requirement is the light source (-150 watts).

0 Size - The DFG display system consisting of tube, optical projection sys-

tem and driving electronics will require a volume of about 2 cubic feet.

Lifetime - The lifetime of the DFG storage-display tube will be limited by

the degradation and aging of the deformable film. IBM anticipatel a 400

hour MTBF for the tube and the light source in a 1000-line development

model. Current operation at room temperature is expected to be extended

to a -55 to 50 0 C range. rtuggedization of the system for a cockpit environ-

ment will be difficult due to the schlieren optical system which is highly

sensitive to vibration.

4.2.1.1 S

The deformographie display tube has the advantages of high brightness, ex-

cellent resolution, inherent stor'age, and good contrast and gray scale when

operated in the storage mode. I.s disadvantages include nonuniformity problems,

large size of complete unit (#a compared to a flat panel display), short life-

time, and vulnerability of the schletein optics to vibrational misaligtunent in

a cockpit application. The main performance characteristic which must be imr.

proved for anplication to the vertical display system is the write-erase cycle

time. The write time per element required to achieve a contrast ratio of 23 to

1 must be redutced to -0.03 tisec in order to write a cemplete frame (lO00xlOOO

elements) in less than 1/30 sectsid, The erase and decay time must also be re-

duced so that the izage can be completely removed within that same frame time.
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The present inability of the DFG tube to operate at video rates with adequate

contrast in the nonstorage mode and the difficulties associated with the place-

ment and maintenance of a large size, low life, projection-type display unit in

a cockpit caused the DFG technique to receive a relatively low rating for this

particular application.

4.2.3 Oil Film Display

The oil film light valve technique used in theEidophor and the G.E. TV

projector system is one of the few display devices which is in production and

can be purchased off the shelf. It is a large size projection display system

capable of black and white or color television presentation. The basic com-

ponents, as shown in figure 37, consist of a light source, a set of schlieren

input slots, an electron gun, an oil surface on a rotatable disk, schlieren

lens, output bars, projection lens and display screen.(7)

The scanning electron beam is modulated by the video input signal and

writes a corresponding charge pattern on the fluid surface. Electrostatic

forces produced by the latent charge distribution result in the formation of

Cgrooves in the oil film, thus creating a depth-modulated diffraction gratihg.

The schlieren optical system is initially adjusted so that no light passes

through to the screen when the oil film is smooth. A subsequent depositioo

of charge at a point produces a groove which refracts the incident illumina-

tion through the output bars and forms a spot of light at a corresponditn

point on the screen. The brightness of the spot is proportional to the depth

of the oil groove. The restoring forces in the liquid, cotsisting of hydro-

static pressure in the fluid and surface tension forces return the liquid to

its original smoothness rapidly enough to allow the display of dyn•nic imaea

at video rates. The display is not designed for storage capability at thts

time.

o - The major fabrication problem is the sealed light valve

tube, including the electron gun and thA deformable fluid. The fluid

viscosity, thickness, surface tenion and electrical conductivity =Uwt

be optimized to adjust the decay time of the groove to about one field

period (1/60 sec). G.E.'Is sealed tube contains its own fluid itupply aetd

vacuum pump. The rotatk., disk is driven through the'glass wall and
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brings up a fresh layer of fluid from the sump at a speed of three revo-

lutions per hour. (8) Because the fluid film is in the sBae chamber as

the electron gun, a vacuum pump is required to continually remove hydro-

gen and broken down organic vapors. Although the construction appears

complex, its practicality is prrven by the fact that the system is in

production and being used in cummercial applications.

o Resolution - Resolution is limited by the size of the electron beam spot

so that 100 lines per inch is easily achieved.

o Brightness - 1he display brightness is source dependent, although the

loss in opticai efficiency due to the projection system will increase the

power requ -ments of the light source.

0 Contr.'t - Contrast ratios are excellent - 100 to 1 for black and waite

and 5J to 1 for color. Ten shades of gray are easily achieved.

0 Col.2r - In the color television display, the schlieren output slots are

made sufficiently rqrrow to admit only one of the primary colors of the
diffracted light spectrum. Since the grating spacing on the fluid sur-

face determines the diffraction angle, it also determines the color of

the picture element on the screen. By writing three differently pitched
diffraction gratings - one for each of the primary colors - within each

picture element, color selection can be achieved.

0 Scanning Rate - The oil film light valve technique is currently capable

of television projection presentation. The ability to provide a dynamic

display at video rates is due to proper choice of the build-up and decay

timas of the electron beam-impressed grooves in the fluid surface. The

fluid must be able to deform rapidly enough so that an image can be

written with adequate contrast in less than a field period. The decay

time d.-ing which the restoring forces return the fluid surface to its

initial smooth state must also be adjusted to about one field period.

"if the grooves decay too quickly, the light valve will be ON for only a

portion of the available time, resulting in lower efficiency and de-

creased brightness. Too long a decay time would produce higher efficiency

but also a "trailing" image. Going from a 500-line to a 1000-tine system,
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yet maintaining a 1/30 second frame time, will require that four times

the initial number of resolution elements be scanned in the same time

period. The fluid characteristics which determine the groove build-up

and decay times will have to be optimized for this desi 6 n.

o Power - Power requirements for the present system are high (-165.0 watts).

However, G.E. feels a reduction to -400 watts can be achieved with proper

desigi. of the 1000-line system.

0 Size and Weight - Th2 television projection system currently on the

market, which was designed for large screen display applicatiops such as

classrooms and movie theatres, is both large (-20 cubic feet', and heavy

(-460 pounds). With proper design, a swall screen cockpit projection

display could be constructed; however, the minimum size estimate is 8 ft 3

aod minimum weight is about 160 pounds.

Lifetime - In previous oil film light valve systems, the oil had a rela-

tively short lifetime due to electron beam irradiation. With the

development by G.E. of a synthetic fluid, a special cathode and elec-

tronic vacuum pump, a lifetime in excess of 1000 hours has been achieved.

4.2.3.1 Sum.mary

Although the e.'sign of the oil film light valve display system P'pears

complex, it is obviously practical since the system is currently used in closed

circuit projection television for education, couttarcial and military applica-

tions. The most significant advantage of the oil film technique is its present

capability of displaying video images at IV rates with good resolution. high

brightness and contrast ratio, good gray scele and demonstrated color presen-

tation. Its major disadvantages are large size, weight and pmvr require.euts,

relatively high cost and anticipated difficulties in producing a NIL spec

qualified system for cockpit application. The oi.l film lisplay received ",ly

a moderate rating in the display techniques evaluation primarily because of

the stringent size, weight, and powr limitations established for the Vertical

Display System.

0
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4.3 AC AND DC PLASMA DISPLAYS

The plasma display consists of a rectangular matrix array of cells within

which a gas discharge occurs. A considerable amount of development effort is

occurring in two different classes of plasma displays - ac and dc. Both types

are generally constructed in a sandwich form consisting of two outer dielectric

layers enclosing a center cavity (usually honeycombed except in low to moderate

resolution ac plasmas) with etched holes (see figure 38 ). The panel is

evacuated, baked, and then filled with a gas mixture containing mostly neon.

The addressing electrodes consist of an orthogonal set of transparent con-

ductive substrates v;hich are vapor deposited on the inside (dc) or outside (ac)

surface of the glass plates. The at plasma applies voltages to the appropriate

row and column of the externally deposited electrodes with capacitive coupling

of the addressing current into the cell. The capacitive reactance isolates the

cells from the row and column electrodes and any combination of cells can be on

at one time. The dc plasma uses internally deposited electrodes and can be de-

signed to require less driving circuitry than the ac plasma. The major differ-

ence between the ac and dc Plasmas is that the ac plasmas are inherently capable

, of exhibiting internal memory whereas the dc Plasmas are not normally available

with internal memory.

The bistable characteristic of the ac plasma display cells in which the

cells can reside in special normal modes or states of equilibrium provides

m.ory capability in addition to the light emitted during the discharge process.

The bistable characteristic is due to the accumulation of charge created by the

discharge. If the charge is removed, the full fLiring voltage must be reapplied

to reignite the disch&rge. Typically the entire array of cells is initially

excited by the cointcidental arrival of tn ac firing and sustaining voltage sig-

nal at the aelected cell. The subsequent arrival of the sustaining voltage

(vw•zch by itself is of insufficient magnitude to ignite gas discharges in any

of the -lements) con cause ignition in those cells where an appropriate resid-

ual chitq is present on the walls due to a previous discharge. The volt'kge

across the 4.ell will be augmented and a new discharge -,ill be ignited. Elec-

trons &nd ions again flow to the dielectric walls extinguishing the discharge;

however, on the following half cycle the charge again augments the external
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sustaining voltage and makes possible another discharge in the opposite direc-

tion. A sequence of electrical discharges can be sustained once started by an

alternating voltage signal that by itself could not initiate the sequence.

Selective write and erase is a valuable feature of the ac plasma.

Plasma displays usually use either a UV source of light to back light the

panel to supply a source of initial electrons (by photoelectric emission) for

cells that are off so that the cells can be fired reliably at any specified

time or alternatively keep a series of border cells around the periphery of

the display permanently lit for the same purpose. If neither of these tech-

niques is used, some other mechanism must be employed to ensure reliable opera-

tion. Some dc plasmas have a self-scarning feature which utilizes a back panel

in which a glow is maintained behind the line being addressed to provide a

reliable starting mechanism as well as providing a method of reducing the

number of driving circuits required.

The major characteristics of the ac and dc plasma panel displays are

itemized and discussed below.

0 Panel Fabrication - The sandwich construction of the plasma panel provides

a relatively rugged, flat design which is amenable to batch fabrication

at relatively low cost. AC plasma panels with a dot spacing up to 60 per

inch do not even require an internal honeycomb structure to separate the

cells. However, for resolutions of 80 to 100 dots per inch, cell separa-

tion is required to prevent cross talk (excitation of adjacent elements

due to spreacding or fringing of the applied fields) in ac plasmas. How-

ever, the addition of the center panel generally increases the magnitude

Sof the addressing voltages. To date, dc plasmas have been limited to

approximately 50 dots per inch, although higher resolutions should be

possible if new materials are developed.

0 Contrast and Gray Scale - Relatively high contrast ratios (approximately

30 to 1) can be obtained with plasma panels. Howeverý the biggest diffi-

culty is obtaining gray scale without losing other desirable character-

istics. Two types of techniques are currently being investigated to

incorporate gray scale into the ac plasma panel. The first class of tech-

niques implements gray scale at the cost of eliminating the inherent

I
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memory mechanism. Continuous brightness variation (gray scale) should be

possible in this mode. However, the loss of memory reduces panel bright-

ness considerably. For this reason this class of techniques will probably

not be usable for the VDS application. The second class of techniques

does not sacrifice memory when gray scale is added, however continuous

variation is not possible: In fact, due to the available memory margin

available, only a few discrete levels of brightness will be available.

Thus far only four levels (including OFF) have been demonstrated over a

relatively small area. As the display areas get larger, the operating

memory margin of ac plasma is generally reduced. This technique may re-

duce overall panel reliability and require frequent maintenance,. However,

considerable effort is being devoted to solving these problems and poten-

tial for extending the number of gray shades to perhaps six or eight

levels exists in the future. Both panel and electronics complexity can

be expected to increase considerably with the addition of gray scale.

DC plasmas should be able to incorporate gray scale without conaid-

erable difficulty, however no new results in this area have been reported.

Six to eight shades of gray certainly seem feasible if uniformity problems

can be eliminated.

o Switching Voltages - The firing voltage presently used in ac plasma panels

is of the order of 70 - 100 volts and the sustaining voltage is approxi-

mately 150 - 160 volts. These voltages presently preclude the use of LS1

technology, however hybrid circuit techniques may be used.

o 1 - The present av\rage power level for a 512x512 resolution element

video display with all elements In an ON state is approximately 500 watts

with peak power in excess of 1 kw. The major poctiot" of the power being

dissipated within the panel itself does present some heat transfer

problems$ which requires careful thermal design.

S Scaning Rate - The addressing time per display cell is approximately 25

ýiaec which necessitates the use of a line-at-a-time addressing circuitry

fer a I00NxlO00 e..emeit video display. Thia circuitry would probably re-

quire the use of 1000 modulation drivers, 1000 sample-and-aold circuits, and

1000 vertical driving switc"es. This amount of relatively complex driv-

ing circuitry has a rather severe impact on the total syotr.m reliability.
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s - AC plasma panels with memory have achieved brightness levels

in excess of 650 PL in application with relatively low duty cycles and

element densities (such as 300-element alphanumeric displays). The use

of phosphr-s to convert the UV energy emitted in the discharge process

into usable light output in the usable spectrum offers potential for in-

creasing the light output somewhat. Currently, 512x512 element ac plasma

displays at 60 LPI resolution operate at an average spot brightness of

35 foot-Lamberts. Increasing light output much above present limits may

create some thermal problems in the panels as efficiencies are not very

high. The dc plasma provides much lower light output because of the lack

of memory. The dc plasma would certainly require the use of a memor.,

element to be considered for the VDS application. The technique for im-

plementing memory into the dc panel has not yet been successfully demon-

strated on a large scale.

4.3.1 SUpr

The ac plasma offers good potential for use in the VDS application. Its

major advantage* are the memory characteristics which may enable the display

to provide adequate brightness in the future. The plasma panel is relatively

simple, rugged and inexpensive to manufacture, rid the research and develop-

ment effort is relatively high. A 5124512 video graphic plasma display is

presently in production and, although relatively low in brightness, the tech-

nology is rapidly being advanced. The main disadvantages at present are lack

of brightness and gray scale, and slow response time which will necessitate

the use of a litte-at-a-time addressing technique for the VDS application. The

dc plasma doe* not appear to be an attractive display technique for the VDS

application because of the Liherent low brightness due to lack of memory.

0
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4.4 LASER DISPLAYS $
There are two main categories of laser displays; those systems based on

a scanned laser beam and those systems utilizing holographic techniques. The

scanned laser beam technique represents the most advanced state of development

which may be considered for a future VDS. The holography displays although at

present not well developed offers future potential for a three dimensional

imaging display.

A typical scanning laser display technique (illustrated in figure 39)

consists of a continuous wave gas ion laser beam such as argon, helium neon,

xenon, or krypton which is pumped by RF or dc excitation to cause lasing

action. The output light beam from the laser is modululated to control its

intensity by an electro-optical polarization device such as a pockels cell

and deflected to cause a scanning action on the display screen. The de-

flection can be implemented by three different techniques 1) mechanical methods

such as the deflection of a prism or mirror, by a motor, or piezoelectric

crystal, 2) diffractively by altering the distance between the lines of a

diffraction grating by ultrasonic vibrations in a medium, and 3) refractively

by changing the index of refraction of a transmitting fluid or crystal by

means of an electro-optical effect.

Several laser video displays have been demonstrated, one utilizing a 525-

line scanniug standard, with a 5 MHz bandwidth, and another with a 1029-line

scanning standard and a bandwidth capability in excess of 22 MHz. The bright-

ness is typically of the order of 20 - 30 FL for screen sizes of 5 - 20 Ft 2 .

The most serious fundamental shortcoming of the laser technique for the

VDS application is the low efficiency of energy conversion from electrical

input to light output which is of the order of 0.01% for the high brightness

gas ion lasers. In order to get as little as one watt of light output 10 kw

of electrical input is required. Laser displays are also very bulky at present

but could be made more compact with future development effort.

The major characteristics of scanning laser displays are listed below:

o Fabrication - Laser displays have been fabricated with relatively large

screen sizes for projection purposes, a smaller screen size in a ruggedized

form is required for the YDS3.
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o Contrast Ratio and Gray Scale - The contrast ratio that has been achieved 4
is in excess of 100 to 1 with 10 shades of gray which is required for the VDS.

Because of the monochromatic nature of the light output from the laser a

narrow band spectral bandpass filter can be used to suppress the ambient sun-

light. The utilization of this technique permits a reduction in the laser

output by a factor of 4.

o Power - The estimated power input for a laser VDS would be approximately

10 kw, which is far in excess of an acceptable value. Some improvement in

laser efficiency may be anticipated however, it is doubtful that an acceptable

power input may be achieved by 1975.

o Color - Full color laser display systems have been demonstrated. One

system uses an argon ion laser for green (23 milliwatts) and blue (130 milli-

watts) wavelengths and a helluit, neon laser for red (100 milliwatts) for a

total flux of 44 lumens.

ti' Scaning Rates - Laser scanner displays have been demonstrated with 1023

scanning standards and 22 MHz bandwidths nbich exceeds the performtnce design

goals of the 'DS. The laser technique is considered to be the most advanced
in scanning capability.

o Lifetime - Laser displays are anticipated to have operatioal lifetime.

ot approximately 1000 hours.

4ý.4. 1 S=

Laser scanner displays are probably iW• the most advanced state of develop-

0ent in respect to fulfilling the operational perforv•nce goals of the VDS.

Hovever, the serious funda*mntal lifitarione of Iw ,-onverslen efficieocy

results in an excessive systey power coos.tption and excesslve cool ing rpwquire-

meots. The systn wouild also be very volwlanous and inferior to presently

operational CRT systems in these respects.

4w.5 LIC-11 EWNIflWG PIMAE

The light ezitti.g diode is a two tertintal secicond'actar device that pro-

duces light by aeans of a radiatie recombination of cat•iers in a forward-

biased p-n junction. The wavelength of the emitted light depends on the
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material used. Figure 40 is a plot of the luminous efficiency curves for

various light emitting diode materials. The light output (luminous power) in

millilumens is plotted as a function of the input current in ailliamps for a

junction area equal to 0.15 mmn2 (a 15x15 mil diode). I

Red light emitting GaAsP diodes with brightness in excess of 2500 FL, at
2an output current density of 50 A/cm have been demonstrated. These diodes

are commercially fabricated by means of a zinc diffusion process in vapor

phase epitaxial GaAsP. Diodes of G&P doped with zinc and oxygen are grown by

means of liquid phase epitaxial techniques. These devices have demonstrated

quantum efficiencies in excess of 7 percent. However, due to the longer wave-

length of emission, 7000 A for GaAsP, the human eye sees the lower efficiency

of GaA•? diodes (quantum efficiency =0.2 percent) as being equivalent to a

GaP diode with a quantum efficiency al percent. The state of materials develop-

ment for GaAsP which is fabricate& by vapor phase epitaxy on GaAs substrates

is much more advanced than that for GaO fabricated by liquid phase epitaxy on

GaP substrates. High performance epitaxial layers with good uniformity have

been c raercially produced with areas greater than 2 in , and small monolithic

devices have also been fabricated from this material.

Light emitting diode structures can al4o be fabricated which couple the

infrared emission from GaM diodes into special phosphors which are capable of

converting the infrared into visible light emission. The diode is coated with

a layer of small phosphor particles consisting of mixnd rare earth fluoride.

aeld in an adherent binder. The infrared energy emitted from the diode excite.

the trivalent rare earth ions in the phosphor to a =ore energetic visible emit-

tintg state due to the %equential absorption of two or more photons emitted

from the p-n Junctien. The advantage of these diodes is their ability to aavit

blue and green light with a suitable choice of phosphor. It has been estimated

that an overall efticlency of 2 percent red, I percent green, and 0.1 percent

blue is possible for Gaks phosphor coubinationA. This is comparable to GOs in
the red and is far better if it can be achieved in the green or blue. The V4

diodes will have to be driven hard to achieve these levels of efficiency be-

cause the o1,xitation of the phosphor is a two-step process which varies as the

square of the amttttng intenity below saturation.
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The operating voltages and currents required by LED c¢evices makes them

ideally suited to large scale circuit integration technolojy. Vapor phase

epitaxy or bulk single crystal growth plus planar technology can be used to

fabricate relatively large size modular displays. It is alho essential that

the LED technology be compatible with silicon memory circuit technology because

of the brightness requirement or the VDS application.

The major characteristics of the LED matrix display are itemized ant dis-

cussed below.

o Fabrication and Cost - The largest LED axrays constructed to date are

approximately 70x70 arrays on a 1-inch-square single crystal GaAsP wafer.

The uniformity of these atrays was reasonably good (20% deviation in

average brightness). Hcvwever, uniformity from wafer to wafer varies as

much as 50% in presently available LED's. The cost of LED's constructed

by present techniques is predicted to fall to approximately 5C each by

1980. This represents a cost of approximately $50,300 for an assembled

VDS display. While costs of this magnitude seem prohibitive, a further

reduction of a factor of three o&: more may make the LED approa.h feasible

for the VDS. A significant reduction in cost would be achieved if tech-
niques are davelopod to fabricta LED's on a less wxpaeeive matarial.

Of particular intareat is the uae of la&re poly-crystall ne G&Ae?

wafers.

"o & - Presently LED matrix arrays are being fabricated with a
resolution of 60 diodes/loch. It is expected that 100 diodes per iach

can be achieved by 1975.

"o B - Low brightness is the greatast problem for an LED display

for the VDS application. The present maximum brtight•nis for CaAP LED's

t6 O1O0O to 50,000 foot-Labert. operating at 1004 duty cycle. For a

106 element display requiring 50 foe't-Lamberte avercge brightness, each

LED element could have a duty cycle no less Whn 1/1000. In an applicktionA

with 106 resolution elewents, 1000 LE~D's would have to be scamled sul-

taneously. The incorporation of a femory element for each LED uithin the

display is a possible solution to the problem of brightpess in very large
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arrays. However this approach greatly increases the fabrication complex-

ity and parts count of the total display system and degrades system

reliability.

o Contrast and Gray Scale - Because of the monochromatic light output from

LED's tht contrast ratio of the display panel operating in high ambient

illuminations can be greatly enhanced by the use of a narrow spectral

bandpass filter system. This system can be incorporated over the LED

array to suppress the ambient sunligbt that is incident on the display.

It is estimated that a brightness level of 600 Fl, on the display screen

can supply a sufficiently high contrast ratio to permit 10 shades of gray

scale which can be obtained by utilization of pulsewidth modulation

techniques.

o IPoNer a-vd Thermal ConsideratiOns - The brightness of an LED is directly

proportional to the current through the Junction and therefore nearly pro-

portional to the power dissipated. For 500 foot-Lamwbert average bright-

ness, the power required for one 0.008-inch diameter LED element may be

as high as 5 milli•att,. This vould lead to a tQotl pner requirement

for the VOS displAy of over 1000 uatts vith all ele-ents on3 such as in

TV-iode oper4aiont. This is clearly unacceptable; hnevrj improvment by

a factor of 10 is possible. Thia will require large advances in maerial

purity technology ýnd fabricagton tschniq•e;. Even with an efficiency

ioprovevent by a factor of 10, the display will still dissipate oer 100

wattA. $iWce the ligh t Output of the IUD electents falls lot with each
10-egeetepperature ritej, careful consi~ernioti stist begW nt et

stukittj of the display pawel.

o $cmnlmtRate-- - The reqpasg tim of aM1 LUt is approzi~astely W0 ns,.

which is sufficieotly fast to prasent no problez (or the VU) application.

Light emitting diodes A-ay becoe prtctical for large area video displ'ys

such s the V4)S in th=e fo'are. The main disadvantage is lack of brightoess

whi:h requires the use of a czlorage eleuent vith each display eiement or pos-

illy dna-at-a-ti•me addr4ss,5vnc it iprovemats can be made W• diode efficiency.
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The physics of the problem is well understood and theoretically there is po-

tential for factors of 20 to 50 improvement in quantum efficiency depending on

tae material selected. Advances in technology will undoubtedly come, but per-

haps not early enough to fulfill the VDS design goals in time for a 1980 era

application.

4.6 ELECTROLUMINESCENCE DISPLAYS

Electroluminescence (EL) is the phenomenon whereby light is emitted from

a semiconductor material under the direct stimulation of an electric field.

The generation of this light is caused by the recombination of free charge

carriers which are produced in the material by the electric field. There are

many types of luminescent devices. However, the so-called "intrinsic" or

"powder" luminescence devices offer the greatest interest for the VDS. Intrin-

sic electrolumi-aescenco. occurs in materials of the phosphor class, that is,

small aggregates of semiconducting particles held together by a suitable binder.

.Under the application of a strong alternating field, light is produced. A

typical EL cell consists of a transpaxent conductive glass substrate (usually

tin oxide., indium oxide, or gold conductors) upon which the 1.:osphor/dielectric

- layer is applied by any number of means such as spraying, silk screening, or

settling. An electrode is applied to the opposite or rear surface of the sub-

strate. The rear and/or the front electrode may be segmented to form any

pattern of light-emitting area desired.

The most common of the EL phosphors is zinc sulfide (ZnS) modified by the

"" addition of other materials (dopants) to produce electroluminescence. Materi-

als such as Cu and Al are generally used as the "activators", and a halogen

such as Cl or Br Is gonerally used as the "coactivator". The choice and

amounts of the material uved affect the color, voltage; and frequency response,

as well as the lifetire of the cell. Modifications of the basic material, such

as the alloy systems zinc sulfoselenide and zinc cadmium sulfide, together with

appropriate dopants also produce acceptable luminescent properties.

The response of EL cells is initially dependent upon the preparation of

the material itself. Most of these materials do obey general functions which

are common and construction of the cell plays an important role in the optical

and electrical charac.teristics.
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Practical limitations on the amount of voltage that can be applied to a

cell are determined by the voltage breakdown of the cell. Cells are commonly

designed to operate at a few hundred volts rms. The upper practical limit of

frequency is generally determined by capacitance-loading effects and by the

fact that cell maintenance or lifetime varies inversely as the frequency.

The characteristics of an EL cell are highly dependent upon the construc-

tion of the cell. Factors such as phosphor concentration, thickness of cell,

and dielectric constant of the embedding media all affect the performance of

the cells. However, none of these effects is independent.

Since the cell is constructed by suspending the EL particles in a dielec-

tric binder, the amount of voltage impressed across the electroluminescent

particles is a function of the dielectric constants of the phosphor and the

embeddinig dielectric. The higher the dielectric constant of the binder, the

more voltage is impressad across the panel.

The lieht flux emitted per unit volume is related to phosphor volume

fraction (ratio of phosphor volume to total volume) and the higher the concen-

tration of phosphor particles, the hightr the luminance. As the phosphor

volume becomes larger, the luminance cannot continue to increase, since even-

tually there will not be enough dielectric to completely surround the phosphor

particles and the field strength impressed across them will diminish. There

is consequently an optimum ratio of phosphor to dielectric that yields the

highest luminance.

The major characteristics of electroluminescent displays are discussed

below.

o Panel Fabrication - EL panels use sandwich atructu'•e constructt.on con-

sisting of an EL layer, a nonlinear resistive layer (NRL) and two sets of

orthogot~al electrodes. The NRL layer provides the isolation required so

that half voltage pulses do not appear across the EL layer and cause it

to luminesce at those points. This type of construction results in a

compact, rliggedp flat panel structure that Is relatively low in cost.

o Resoluton - The display panel resolution is limited mainly by the elec-

trode deposition which can meet the VUS design goa! of 100 dots per inch.

The spot size is determined by the arta of crossover of the electrodas.
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0 Contrast. Gray Scale and Brightness - Contrast ratios in excess of 30 to

1 are achievable with 10 shades of gray scale. However the inherent lack

of display brightness (<50 FL) makes it very unlikely that many shades of

gray could be detected in a high cockpit ambient illumination (10,000 FL).

o Lifetime - The use of high voltage and high frequency in addressing EL

panels to achieve high brightness outputs leads to relatively short panel

life (<1000 hours).

o Switch Volta~es - EL displays require the use of 200 - 600 volts RMS

to achieve relatively high display brightness, which precludes the use of

LSI circuit technology.

0 Power Reouirements - It is estimated that moderately high power inputs

would be required to drive an EL panel display at the high output bright-

ness levels required for the VDS application. The major power would be

dissipated in the driver circuits rather than the panel itself due to the

rapid charging and discharging required of the display element

capacitances.

( Scanning Rates - EL panels have been designed to operate at video rates

with 525-line scanning standards. However, because of the relatively

slow cwitching time (10 jsec) and inherently low brightness levels, line-

at-a-time addressing is required.

EL display technology is one of the most advanced of all the display

techniques considered. However, the inherent lack of brightness and relatively

short lifetime of EL peuels does not make the EL a very attractive candidate

for the VDS application.

4.7 DIGISPW

The DIGISPUkY is an electrostatically switched, digitally addressed elec-

tron beam scanner whic-h has been uuder development at Northrop for several

years. The DIGISPLAY utilizes an areal electron source followed by a series

of very thin, apertured control plates which are aligned and act collectively

to generate ecaitaing electron beams. The position of the beams is determined

1
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by digital addressing signals applied to patterned electrodes on the control

plates. By switching the plate voltages sequentially, an electron beam scan-

ning pattern is achieved. The scanning beams are proximity focused onto a

phosphor screen where they form the displayed image (see figure 41).

The DIGISPLAY) which can be characterized as a dot matrix display with

electron beam address, combines many of the advantages of other dot matrix

displays (e.g., digital address, inherently high linearity, flat panel con-

struction) with the advantages of the CRT (e.g., good gray scale and color

capability, moderate cost). Since the DIGISPLAY utilizes well understood tech-

nologies, it should require less additional development to reach the difficult

performance objectives of the VDS application than the other non-CRT dot

matrix approaches.

The DIGISPLAY requires moderately high switching voltages (between 50 and

100 volts), high phosphor voltages (between 10 and 20 kv), and a storage target

to achieve high brightness in large video displays. At the current stage of

development, a 512x512 video-DIGISPLAY has been constructed in a bell jar;

it has an active area of 6.4 inches square and utilizes 32 simultaneous

writing beams.

In a DIGISPLAY the average spot brightness decreases as the number of

resolution elements scanned per frame by each beam increases, due to shorten-

ing of the time each beam dwells on each addressed element. The maximum cur-

rent, per beam) transmitted to the DIGISPLAY phosphor is limited by the output

current available from the area cathode, which in turn is limited by the power

which can be supplied to the cathode without overheating the device. There-

fore, from a practical standpoint, the total integrated current striking the

phosphor can be increased only by increasing the number of simultaneously

scanning beams.

However, when a "storage" target is added to the DIGISPLAY, brightness

enhancement may be achieved by effectively increasing the beam dwell time per

element by several orders of magnitude, thus increasing the brightness sub-

stantially. Also, since the DIGISPLAY's unique construction already includes

an areal electron flood gun, the addition of storage will add little to the cost

and complexity of the overall device. The use of a storage target in a
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DIGISPLAY also serves to provide greatly improved utilization of the available

areal cathode capacity. During the "flood" or view time, which will be dis-

cussed later in detail, each "on" element becomes a phosphor-writing beam and

the total number of beams is then limited only by the actual number of reso-

lution elements in the display.

Storage is very difficult and expensive to implement in a CRT because of

the problems of maintaining linearity and good focus of the writing gun while

at the same time adding a flood gun which operates in a defocused condition.

A sketch of a typical storage DIGISPLAY is shown in figure 42. This

device can be seen to consist of an area cathode, a series of beam switching

plates, a collector plate. a storage target, a contrast enhancement plate

(optional), and a phosphor. Both the collector and contrast enhancement plates

are merely continuously electroded switching plates and the entire stack, from

the output buffer to the contrast enhancement plate, is typically 0.10- to

0.150-inch thick. The storage target itself is merely a metal mesh coated on

the electron input side with a dielectric material having good secondary elec-

tron emission (SEE) characteristics (yield of unity at 40 volts and yield of

2 - 3 at several hundred volts of primary energy). Simple experiments to date

indicate that the screen itself may be replaced by a modified aperture plate

coated with SEE material.

The actual method of storage DIGISPLAY operation Is discussed below for

each of the three required modes - erase, write, and flood:

1) Ere - The switching plates are operated in the "all holes ON" condition

with between 0 and 40 volts accelerating potential on the metal storage

mesh. The SEE yield is then less than unity, and the surface of the

dielectric material on tue mesh is charged negative, erasing any infor-

mation (positive charge) previously written on the r4. 'Typical erase

times are <100 ps. During the orase time, the contrast euhantceoet plate

is biased below cathode potential to prevent the electron beams froe

striking thb phosphor, thus preventiz.s& loss of contrast caused by illumi-

nating the phosphor with the erase 4eams.
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2) Write - In the write time interval, the ESD (Electrostatically Switched $
DIGISPLAY) plates are scanned :through one frame (or one-half frame when

interlaced) of information in the same manner as in a nonstorage DIGISPLAY,

including modulation to provide gray scale. The metal backing mesh of

the storage target is elevated to several hundred volts above cathode

potential, so that the scanned and modulated electron beams striking the

dielectric layer cause it to charge positive due to the SEE ratio of >1.

The secondary electrons generated in writing the information on the

storage dielectric material are absorbed on the collector plate, which

is held at a potential somewhat above that of the mesh itself. The

amount of positive charge thus written on the dielectric surface, for

each resolution element, is dependent on the incident beam current and

the (write) time. This current is allowed to strike the dielectric.

Typical commercially available storage targets require a charge of ap-

proximately lxlO coulomb to write the target to 80% of full brightness

over a 0.0065-inch diameter spot. Therefore, for example, a beam current

only ix10"7 amp written for 1 ±s is sufficient to provide this charge.

3) Flood (View) - At this point in time, with one frame of information J
written on the dielectric surface of the storage target, the ESD stack

is again switched to "all holes ON", as in the erase mode. However, the

metal backing mesh of the storage target is now set at or near cathode

potential) such that:

a) Areas which are charged completely positive during the write cycle

transmit electrons to the phosphor.

b) Areas which are not positively ch'l-ed repel electrons back to the

collector plate.

c) Areas which are charged less positive than in case (a) due to modu-

lation during writing, transmit fewer electrons than in case (a)

and retain the written gray scale.

The length of the flood cycle relative to the erase and write cycle de-

termines the brightness of the display. The length of the flood time is

limited by the length of time the stored ch.arge will remain on the dielectric
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surface, and by the update time required by system requirements. Typically,

storage times of approximately 15 minutes have been demonstrated.

At this point the Erase, Write, and Flood cycle is repeated for the next

frame. The storage DIGISPLAY should have the following advantages over a

direct view storage CRT:

a) An inherently simpler design with only one gun, no collector mesh, no

ion repeller, and no complex collimating system which should result in

a lower manufacturing cost.

b) Much smaller in size, lighter in weight, and more rugged construction.

c) Storage time should be inherently longer since ion bombardment should

be minimized by the presence of scanning plates.

d) Selective write and erase should be easier co implement.

e) Uniformity and registration are not hampered by off-axis guns.

f) Very fast erase.

g) No screen "flash" during erase, resulting in higher contrast.

h) Plus all the normal advantages of a DIGISPLkY over a CRT, which include:

"o Superior registration because the electron beams are physically

confined by accurately placed channels in the scanning plates.

"o Digital address signal which is directly compatible with a computer

interface, resulting in considerable savings in addr. iaing '•ircuitry.

"o Random scan capability - unlike the CRT. the time required to switch

the beam position in the DIGISPLAY is not dependent on the dietanLa

the beam is moved.

"o Flat-panel construction - the total depth of the DIGISPLAY is ap-

proximately 2 inches.

"o Stray-f.eld independence - DIGISPLAY performance is relatively un-

affected by stray electric and magnetic fields.

"o Multibeam feature - the multibemm feature of the DIGISPLAY ofere

several advantages over the conventional writing techniques utilizing
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only a single beam and is much easier and less expensive to imple- 0
ment than in a CRT. Greater display brightness can be achieved

with multiple beam scanning.

The major characteristics of the DIGISPLAY are itemized and discussed

below.

o Panel Fabrication - The switching plates are fabricated by a photo etch-

ing process to achieve accurate alignment and regtstration of holes.

The complete set of switching plates is assembled and frit sealed to-

gether to form a solid glass structure approximately 1/8-inch in thick-

ness. The metal electrode patterns are applied to the switching plates

by a vapor deposition technique. This results in a relatively low cost,

rugged, flat-panel that can be built in a wide range of sizes and shapes.

c Resolution - The resolution demonstrated to date is 8'J holes/inch. How-

ever,. the plate etching technology can be extended.

o CoaIast ad G~ray Scdlae - Contrast ratios in excess of 50 to I have been

demonstrated to date in alphanumesic and video displays. Gray scale is

achievable by analog oodulocion of the electron beam by a control grid.

To date, eight shades of tray have been demonstrated in the laboratory.

o j - Color can be provided in a DIGISPLAY system by use of a No-layer

voltage penetration phosphor. These phosphors are less efficient than
':lhe monochrome type ad the resulting lower screen brightncos might not

be an attractive tradeoff for the VDS application.

o Drtltns - The *ost serious limitation of a DIGISPLAY system is the

lizited brightness capability. Screen brightness levels of 350 FL have

been demonstrated on alphanumeric displays operating at 8 kv. liHoever,

for a large video display requiring a tinimu of 1300 FL screen bright-

ness it is necessary to use a storage target to itprove the scanning duty

cycle aud thereby increase the screen btightoess,
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0 Switching Voltages - The switching voltages required to achieve good cut-

off characteristics vary from 70 to 150 volts, which is incompatible with

LSI technology but does permit the utilization of hybrid circuit tech-

niques. The accelerating potential between the decoding stack and the

phosphor will be approximately 10 - 15 kv, which requires careful consid-

eration of the shielding design.

0 Power - The estimated power for a video DIGISPLAY for the VDS application

is approximately 190 !iatta.

o Scanning Rates - The switching time for the transition of a decoding plate

from an "on" to "off" mode is 0.2 psec. This permits the achievement of

the relatively high video bandwidth of 19 Mh1z required by the VDS with as

few as 10 simultaneous writing beams. However, a greater number may be

utilized (approximately 50) to ease the circuit design requirements for

each writing beam.

4.7.1 Summary

C The DIGISPLAY is a very promising display technique for the VDS applica-

tion, The most serious limitation is lack of brightness, which can be overcome

by utilization of a storage target to improve the scanning duty cycle. One of

the main advantages of a DIGISPLAY system is the relatively low parts count

required for the total system, because of the efficient implementation of beam

position decoding, which has a very favorable impact on system reliability.

The sise, weight and power requirements are also competitive.
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5.0 EVALUATION OF NON-CRT DISPLAY TECHNIQUES

This section discusses the study methodology used to assess the capabilities

of the various advanced non-CRT candidate display techniques and provides the

relative rankings of the techniques based on the r-sulcs of the weighting factor

analysis.

5.1 STUDY METHODOLOGY

The study methodology used to select tLie most promising advanced non-CRT

display techniques for application to a VDS for a 1985 era naval attack aircraft

is shown in figure 43. Twelve candidate advanced non-CRT display techniques

w!?.re sc;lected for analysis. The published sciantific literature for these

techniques was surveyed and analyzed, and the latent technical information

regarding present and future performance levels and operational characteristics

was solicited from 25 companies which were pursuing research and development

efforts in these display technologies. Additional technical information was

obtained via telephone conversations and personal visits with some of the

leading research workers in the various dtsplay fields. This information was

analyzed and trzdolf studies were perforrw-d to deteraine how each of the

various display tochniques c4uld he utilized in a systeo that could fulfill the

VDo desi-, goals. Wc- weighting factor analysts ,ero performd on each of the
advan¢ed non-CRT display technLques, mne based on- present pq&for•tnce levels

(early 1472) and a second bssed on lemles of ptrformance anticipated by the cad

of 1975. The man value of the tvo Rcoreo vat also cm.tod a4 A rating guide.

The restAte of the welhting !actor anAlysts Is shown in table 2. end

the cowlete acring sheets are contained in the Appetldix. The display Lech-

niques ere arranged in fot deacnding groups based on the ann teores obtained

fr•o toe Analysis. Group 1 tOfsIsto of the DIGISPKLY end liquid cr,4,stal
techniques t vid a tre al&Ist equa l. They scored a2prAIt41y 20 percunt
higher t 0an the GtoUp 2 t•echnlqutj (lM•',, ferroelectric, and at plum) vhich

are raeP' about * the ý,rp 3 technique., vtcb include oil f (In. laser
and electrolutairnescence, rtedt* aPPrott*inrsy equall and 10 percent lover that
the technique.. in Grop 2. The Gte-p 4 techniques (ncnheto-optic, dc plast",
defornoraphic, ano cathcedochroml<) were rated about equal in the evalu.,tion
but approxizately 20 percent Xwoer than the technique. in GrtqK~ 3.
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TABLE 20 RELATIVE RANKING OF ADVANCED NON-CRT DISPLAY TECHNIQUES

Present Future Average
Performance Performance Score

Group I

DIGISPLAY 39 90 65

Liquid Crystal 45 83 64

Group 2

Light Emitting Diodes 38 68 53

Ferroelectric 27 76 51

AC Plasma 32 68 50

Group 3

Laser 39 54 47
Electroluminescence 33 60 47

Oil Film 34 57 46

Group 4

Magneto-Optic 25 52 39

DC Plasma 23 53 38

De f ormographic 25 50 37
Cathodochromic 15 53 34
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The results of the weighting factor analysis indicated that the five £
advanced non-CRT display techniques in Groups I and 2, which include DIGISPLAY

liquid crystal, ac plasma, LED's, and ferroelectric offer the greatest potential

of fulfilling the design and performance goals that were established for the

1985 era VDS. These five display techniques are therefore considered to be the

'nost attractive candidates for the VDS application. Tables 21 and 22 are

listings of the comparative weighting factor values for the display techniques

from groups 1 and 2, respectively. These tables indicated how the techniques

were rated relative to each other on an individual parameter basis. A detailed

systems reliability analysis was p-rformed (see section 5) for all five of the

Sdisplay techniques to determine the MTBF figures for each technique when

operating with all of the components required in the total VDS system for

operation with TV, FLIR, and RADAR systems carried on board the aircraft.

5.3 STATUS SUMMARY OF NON-CRT DISPLAY TECHNIQUES

A brief summary of the status of each advanced non-L;RT di•=ply technique

is presented with comments regarding the relative rankings of the display

techniques.

GROUP I - DISPLAY TECHNIQUES - These display techniques are considered to have

the highest potential of fulfilling the performance goals of a 1930 era VDS.

They are rated about 20 percent higher than the techniques in Group 2.

DIGISPLAY - The DIGISPLAY technique was rated as one of the two techniques with

the highest potential of fulfilling the VDS design goals. Its main advantage

is a relatively simple addressing technique which requires a relatively low

number of circuit elements to implement. The reliability analysis has shown

that it has the highest potential reliability from a systems viewpoint. It

scored moderately high in all of the important display performance parameters.

Its most serious disadvantage is lack of brightness which probably can be over-

come by use of a storage technique. The switching voltages are r'elatively high

precluding the use of LSI technology at this time. However, hybrid circuit

techniques can be implemented. The size, weight, and power are also competitive.

-LIQUID CRYSTALS - The liquid crystal display is one of the most promising

techniques for satisfying the performance requirements of the vertical display

system. Its major advantages are low switching voltages, low power and low
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cost, electrical compatibility with MOS driver circuitry, high resolution,

high brightness and good contrast even in direct sunlight. The main dis-

advantages are half select and cross talk problems, slow response and decay

times, complex addressing circuitry, limited temperature range, differential

aging and high sensitivity to fabrication tolerances. Its reliability is

limited primarily by the complex matrix addressing circuitry required. The

ultimate feasibility of the liquid crystal display for the VDS application

will depend on the development of an adequate scanning or multiplexing scheme

to address the display matrix. It is anticipated that the addressing problem

can be solved by the use of integrated circuitry and mass-fabrication

techniques with the possible construction of a large size display by the

stacking of a number of submatrix structures.

GROUP 2 - DISPLAY TECHNIQUES - The display techniques in this group are con-

sidered to be approximately 20 percent lower in potential for the VDS appli-

cation than the displays in Group 1. However a dramatic improvement in

performance by any one technique could make it the most attractive candidate.

LIGHT EMITTNG DIODES - Light emitting diodes are presently unattractive be-

cause of low conversion efficiency which would require the use of more than

I kw input power and present serious thermal design problems. However, the

physics problems are well understood, and improvement in conversion efficiency

by over an order of magnitude is anticipated. The LED's are rugged and long

lived; however because low brightness will probably necessitate the use of a

storage element with each element in the display, or the use of a line-at-a-

time addressing technique, Either of these design possibilities has an

unfavorable i[act on system reliability. The cost for a large video display

I* Presently vrohibitive; however, there are favorable predictions for the

futuire. Advance# In LRD technology will undoubtedly be made but perhaps

not fast enough to ceet the performance requirements of a 1980 era VDS.
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FERROELECTRIC CERAMICS - The ferroelectric bismuth titanate display has the

advantage of being a flat panel device with good resolution, high brightness,

adequate contrast ratio, low power, inherent storage and minimum fatigue J

problems. The disadvantages are compositional and geometrical tolerance re-

quirements for the crystal, fabrication and assembly difficulties with the

stacked bar per line approach, high drive voltages, and line-at-a-time

addressing requirements for video rates with its associated complex circuitry.

Although the device is still in the early development stage, the ferroelectric

ceramic display received a relatively high rating in the evaluation scores

due to the excellent optical performance anticipated and the very low size,

weight and power characteristics.

AC PLASMA - The ac plasma display technique is in a fairly advanced state

of development. Its main limitations are lack of brightness and gray scale

and relatively slow switching times which require line-at-a-time addressing.

The circuit complexity required to achieve more gray scale capabilicy ard

still retain memory is a formidable task, and the additional circuitry re-

quired for line-at-a-time addressing has a degrading effect on system

reliability. The power requirement is relatively high for a large video display 1

with high brightness requirements, and the higher switching voltages required

preclude the use of LSI technology at this time, but hybrid circuit techniques

may be implemented.

GROUP 3 - DISPLAY TECHNIQUES - The display techniques in this group are

considered to have a 10 percent lower potential of fulfilling the design goal

requirements of the VDS than the techniques of Group 2. However, a dramatic

improvement in the performance of any of these techniques could move them into

a category of more serious contention.

LASER - The scanning laser display technique can satisfy most of the perform-

ance requirements for the 1980 VDS applications. Its most serious deficiency

is the conversion efficiency from electrical input to laser light output.

The efficiency is presently so low that approximately 10 kw electrical input

is required to achieve the brightness requirements of the VDS. This also

presents systems cooling design problems. The system also has a large volume

and the ruggedization required for the aircraft cockpit environment presents )
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a design problem. However, with improved conversion efficiencies the laser

could become a more serious contender.

ELECTROLUMINESCENT - Electroluminescent displays have a long history o0

development but still suffer from a lack of brightness due to law conversion

efficiencies and relativAly short lif. Attarnts to increase brightness lead

to even shorter lifetimes. The relatively slow switching times require line-

at-a-time addressing for the VDS application. This display is inherently low

cost, rugged and compact but requires relatively high switching voltages

which precludes the use of LSI technology. A large improvement in light

output and conversion efficiency would be required to make this dijplay

technique attractive for the VDS application.

OIL FILM - The most significant advantage of the oil film technique is its

present capability of displaying video images at TV rates with good resolution,

high brightness and contrast ratio, good gray scale and demonstrated color

presentation. Its major di.idvantages are large size, weight and power

requirements, relatively high cost and anticipated difficulties in producing

a mil spec qualified system for cockpit application. The oil film display

received only a moderate rating in the display techniques evaluation primarily

because of the stringent size, weight, and power limitations established for

the vertical display system.

GROUP 4 -DISPLAY TECHNIQUES - The display techniques in this group are con-

sidered to be approximately 20 percent lower in potential for the VDS appli-

cation than the Group 3 displays. It is doubtful that enough iftrovement

could be made in these techniques in the time available to seriously consider

their use in the 1980 VDS application.

MAGNETO-OPTIC FILM - Although the magneto-optic display technique hao the

advantages of high brightness, good reeslution end contrast, inherent camory

and low switching voltages, it hes several significarit disadvantages such as

a high triggering current, narrow viewing angle, bulky optical systea,

questionable gray shade capability, and requires U}3 line-at-a-tie addressing

for video rates. At the present tine, the driver ealctronics linit the

writing speed and represent the largest contributor to the *i:e, weight,
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power and cost of the display system. The device received a low rating for

the VDS application primarily because of the size and power requirements and

the limited reliability of complex matrix addressing circuitry.

DC PLASVA - The dc plasma has a very serious brightness deficiency for the

VDS application. It also lacks the memory capability of the ac plasma and

requires complex addressing circuitry. However it may be easier to satisfy

the gray scale requirements. The panel lifetime may be low due to the use of

internal electrodes. Because of the relatively 1'igh power requirements,

sevious design problems, and very limited number of attractive features, the

dc plasma is not considered to have high potential for the VDS application.

D§PORMOGRAPHIC FILM - The deformographic display tube has the advantages of

high brightness, excellent resolution, inherent storage, and good contrast

and gray scale when operated in the storage mode. Its disadvantages include

nonuniformity problems, large size of complete unit (projection optical system),

short lifetime, and vIlnerability of the schlieren optics to vibrational mls-

alignment in a cockpit application. The main perforn.snce characteristic which

must be improved for application to the vertical display system is the

relatively long write-erase cycle time. The DF0 tube received a relatively

low rating for this application primarily because of the large volume require-

ment, limited reliability, and the anticipated difficulties in achieving video

ratv operation with adequate contrast ratio.

CATh•0iQRDOC•IC - VTe cathodochromic display tube is a relatively sifple,

Inexpensive CRT-type device suitable for Applications in which long storage

time. are desirable avd slwm address rates do not present a problem. The very

slow address and erase cycle times and the anticipated short lifetime rule out

the cmsideratton of this display technique at the present time.
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6.0 SYSTEM RELIABILITY ANALYSIS

A tradeoff study was performed to determine predicted system reliability

for the five most promising display techniques. The candidate displays
included in the study were 1) light emitting diodes, 2) DIGISPLAY, 3) liquid

crystal, 4) plasma, and 5) ferroelectric.

6.1 ANALYSIS PROCEDURE

Fpr this analysis the equipment required to implement each mode of

operation was identifie' and considered to cerate in a series configurations

such that a failure of a single equipment in a particular mode constituted

a system failure. Each equipment in turn was further broken down to its

individual circuit elements atid the overall system failure rate was calculated

by summing the failure rates for each of the circuit elements, i.e.,

k

Equipment failure rate = n
i=l

where

C-1 n i " total number of discrete circuit

element of one type

Xi - random failure rate of the discrete

circuit element (expressed in terms

of failure per million operating hours)

k - number of different discrete circuit

elements

Th•e MTBF for each equipment and a tetal sybtem MTBF was calculated by

taking the reciprocal of the total failure rates.

6.2 FAILURE RATE DATA

Circuit element failure races were derived where possible from industry

established and recognized sources such as MIL-HDBK-217A. In cases where

the handbook did not contain failure rate data for the part type, Northrop

internal test data and other sources such as Farada wtre utilized.
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In the case of the display devices themselves very little statistically

significant data is available to establish random railure rates due to the

fact that they are in a very early development phase. The majority of devices

have not yet been assembled to yield the design goal of a 1000 by 1000 matrix.

Where possible an attempt was made to predict a more meaningful estimate of

failure rate by extension of current technologies. This approach was possible
in the case of DIGISPLAY and light emitting diodes. The DIGISPLAY failure

rate was estimated on the basis of extension of failure rates published in

Farada for storage type CRT's currently in use in computer terminals,

oscilloscopes, radar displays, etc. The LED rates were based upon

extension of technologies utilized in semiconductor fabrication, particularly

those techniques applicable to Large Scale Integration (LSI). The failure

rates utilized for the remaining display devices should be recognized as

being of low confidence in respect to their absolute values because of the

many unknowns in the fabrication and assembly processes, but as will be

shown later these device failure rates have a low order impact on overall

system reliability. The predominant source of high system failure rates is

the electronics Associated with the display device.,. The underlying reason

for this conclusion is the extreme coaplexity of the modulation ead drive

circuitry, particularly with respect to the devicea that due to slow response

time or lack of brightness require simultaneous addressing end modulation,

line-at-a-time. In addition to the coTplexity factor, echievevwnt of low
failure rates for this circuitry ia further inhibited by the n,ture of the

circu:'.ts themselves. The modulation and sa leer circuiry far the pLAas and

ferroe'ectric display techniques require relatively high voltage Levels and
preclude 4pplication of LI8 technology in this am. Instead hybrid rcuitrry

consisting Of bipolar semiconductor, thick film devices as vtlI as diacrete

components &# dictated. The 0IGISAY alaso rquirca hith volta4 e modulatioo

and select circuitry, but due to it. relatively tast resporne time overall

circuit complxity is greAtly reduc*d through digital 6dtresaing,

6.3 sv-ST-m (WRAI(A H -l

In addition to calculating asytom failure ratoe in terms of the five

candidate display devices, three cystes modes of operation were investigated

in ascending order of ove:.tl system complnity. These rwde. are ehown i,
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e figure 44 and include the 1) TV mode, 2) the FLIR mode, and 3) radar mode.

The reliability flow diagrams are not ir.ended to illustrate a functional

signal flow diagram, but are utilized to indicate the various items of

equipment required to implement a particular mode of operation. As was

stated previously, these items of equipment are consicered in the sense that

a failure of any equipment would result in a system failure. The TV mode is

illustrative of system operation utilizing only that equipment required for

real time TV video presentation on the display device without other display

symbology. The FLIR mode is illustrative of system operation in which scan

conversion of the IR data is required prior to video presentation, but again

operacion without other display symbology is considered, The final RADAR

mode is illustrative of system operation with full system capability and

retiiring all items of equipment.

6.4 DIAY ELECTRONICS

Since the display and display electronics are comrmin to all modes of

operation the details of this c'rcuttry and its impact on overall syatem

relie•iliry will be discrissed first.

The five candidate devices selected for detailed study can be broken

dow in.to wo main iatSorious based &pon their response ti,• required to

produce full deslkn goal brtijsýiot,. Four of the devices plasma, liquid

crystal, LED) and tftrrfalctr$.; b4ýin eiher relativaly slov in resp0ots

tioo or IOU tei brlghenese require a eotslattce" schenka in which onev COe-plete

hortuontal linve In the ntrlx ernst be ;Ihftwslyeoulated '0 order to

achieve video rates coepotible uitb the 4esla-jgn *oat of 30 ftames per secoad.

nTe DIGISPAY on the other henid has very fasr resjonse v4 the order of 0.5

second.0. With this favoreble tc~spotnse tieae it is possible to achieve, the

"0"ov video rates vith for IMP cM'0dfl circuitry (in ter-ts of overall part.

ounne) through suiriplexiog of n.odujtalnio - driver. god nutrix S~e).sct circuit

The effect, of th*ee difforenco. in res~pose tir-e vkn- 'Circuit conpl*ezity 1

are ehOVP in f 4gurca 45 and '46 - It vill be i#Ot&& k.t3 t -4A*1CLA

thtat the scanning and select circuitry ra..i ~. i - 0dt.te4 k'sin4 -Pt sssMio

aVd hold devicns, 50 ctodulation eleceps atnd 9O ,0 *elect circ-,t,.
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On the other hand for the other four candidate displays 2000 sample and hold

devices, 1000 moutiation elements and 1000 scan select circuits are required.

This represents a full order of magnitude more complexity for the line-at-a

time devices than for the DIGISPLAY. As will be sh.wn later this complexity

factor is a major deterrent to the achievement of the design goal of 2000

hours MTBF for the overall system particularly with regard to the plasma and

ferroelectric displays.

6.4.1 Circuit ImplemenZa!dion

Ideally with the levels of circuit complexity indicated by figures 45

and 46 it would be desirable to utilize large scale integration of circuit

elements to redice component part failure rates. LSI circuitry is desirable

from the reliability standpoint because of advantages to be gained from batch

processing in device fabrication, reduction of assembly and soldering oper-

ations in the equipment manufacturing process, and si-.xlification through

reduction of circuit interconnection and electrical connections required..

However, due to the relatively high voltage levels required of the modulation

and select circuitry for the Plasma, Ferroelectric and DIGISPLAY this approach

does not appear feasible for anything approaching a 100 percent LSI design.

In the light of the high voltage restriction it is anticipated that irwle-

mentttion of the modulation and select circuit would involve a hybriW orpru.ach.

utilizing a combinat:ion of conventional hiybrid and bipolar discrete deivices

in combination with an LSI approach for logic and sample and hold circuits.

Two cases were considered in the analysis. Mhe first using totally hybrid

circuitry is illustrative of currently available circuit elements, and in

the tables that follow iv identified as "Hybrid Tchnoloý4y". The second

implementation, identified as "LSI Technology", utilites L$1 techniques to

the maximum extent possible and is illustrativa of the lovel of reliability

that could be achieved in the 1975 time frame.

The circuitry for the LED and liquid cryLtal displays inherently

operate at lower voltage levels. It is anticipated that total LSI would be

utilized throughout in the inolementation of this circuitry.
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6.4.2 Analysis Results

The result of the reliability analysis for the display and display

electronics is shown in Table 23 . As can be seen from these results the

circ'it complexity required for the plasma, ferroelectric, LED, and liquid

crystal displays makes a predominate contribution to the overall failure rate

of the display electronics. Also, it should be noted that even with the

application of LSI where possible, the failure rate of the display electronics

is still a most significant contribution of the overall failure rate.

6.5 OTHER SYSTEM ELECTRONICS

The results of the analysis for other items of equipment required to

implement the selected modes of system operacion is shown in Table 24. These

equipments, with the exception of the WI processor, would be fabricated

utilizing MOS/LSI to achieve maximum reliability.

6.6 TOTAL SYSTEM RELIABILITY

Tables 25, 26, 27, and 28 ptesent the ro al system failure rates and

14TBP's after combining the ratrs derived for the various display devices and

other equipment requir"d for each operational mode. Tables 25 and 26

su~mariz the failure rates for those displays in which a total hybrid

izplemntatie, of the display electropicu was considered. As can be seen,

the only display device capable of meeting the design goal of 2000 hours for

the iully 1ilcuunted RADAR mode of. operation is the DIGISPLAY. The basic

redoon for the poor performaoce of the other devi.ces is the complexity of

the circuitry atd the requirement for these drvices to operate at voltage

levels that are not amentable to currently available or projected large scale

integration techniqýes. The LED and 'liquid crytztal devices do not appear

in these tables because it is nticipated that their driving electronics

would be based on LSI techniqes,

Tables 27 and 28 present the failure rates and HMTF based upon

uti•itatio. of LSI c'.rcult techniques in those circuits that appear coevatible

vith this. spproac•i i.e., sample and hold circuits, logic and soquencing circuits

and lm level modulation circuitry. As can be seen from the tables, utiliz-

inxg these tezhniques does inrove the overall system reliability for the
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TABLE 24 SYSTEM EQUIPMENT FAILURE RATES

(EXCLUDING DISPLAY AND DISPLAY ELECTRONICS)

OPERATIONAL MODES

TV FLIR RADAR

ITEM OF EQUIPMENT F/R ';>p.m.) F/R (p.p.m.) F/R (p.p.m.)

TV INPUT PROCESSOR 25

FLIR INPUT PROCESSOR - 3 -

RADAR INPUT PROCESSOR -- 3

G.P. COMPUTER 160

SYMBOL GENERATOR - 3

SCAN CONVERTER - 80 80

TOTALS 25 83 246
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TABLE 25 TOTAL SYSTEM FAILURE RATES

HYBRID TECHNOLOGY

OPERATIONAL MODE

DISPLAY & TV FLIR RADAR

DISPLAY TYPE DISPLAY ELTN.
FRTOTAL TOTAL TOTAL

FIR (F.p.m.) r/R (r.p.m.) F/R (p.p.m.) F/R (p.p.m.)

DIGISPLAY 206 231 289 452

PLASMA 900 925 983 1146

FERROELECTRIC 910 935 993 1156

TABLE 26 TOTAL SYSTEM MTBF

HYBRID T FCHNOLOGY

OPERATIONAL LtODE

TV FLXUR RADAR
DISLAY TYE HTRF (HlOURS) MTRF (11O11S) HMTF (HIOURS)

DIGISPLAY 4330 3640 2210

PLAS4A 1O60 1020 870

•RROa•Tti C1070 OO86
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TABLE 27 TOTAL SYSTEM FAILURE RATES

LSI TECHNOLOGY

OPERATIONAL MODE .

DDISPLAY & TV FLIR RADAR

DISPLAY TYPE DISPLAY ELTN. TOTAL TOTAL TOTAL
F/R (p.p.m.) F/R (p.p.m.) F/R (p.p.m.) F/R (p.p.m.)

DIGISPLAY 150 175 433 396

PLASMA 552 577 635 798

LIQUID CRYSTAL 495 520 578 741

L.E.D. 335 360 418 581

FERROELECTRIC 562 587 645 808

TABLE 28 TOTAL SYSTEM MTBF

LSI TECHNOLOGY

OPERATIONAL MODE

DISPLA\ TYPE TV FLIR RADAR
MTBF (HOURS) HTBF (HOURS) MTBF (HOURS)

DIGISPLAY 5700 2300 2530

PLASM4A 1730 1570 1250

LIQUID CRYSTAL 1920 1730 1350

L.E.D. 2780 2390 1720

FERROELECTRIC 1710 1550 1230
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line-at-a-time device, only the LED display can be co sidered as having

potential to meet the design goal system reliability.

6.7 ALTERNATE APPROACH FOR LIQUID CRYSTAL ELECTRONICS

If further development in liquid crystal technology allows for faster

response time to reach design goal brightness, a further simplification of

driving electronics could be achieved. For the purposes of a comparative

analysis, an increase of response time compatible with simultaneous address-

ing of 10 beams as opposed to 1000 in the previous analysis was corysidered.

The major impact of this approach was to reduce the required quantity of

sample and hold devices from 2000 to 20 through a multiplexing technique.

The result of this simplification is shown in Tables 29 and 30.

While this siplification does improve. the electronics failure rate by 30

percent, the (verall system MTBF of 1640 hours does not meet the system

design goal.

6.8 SUMMARY

The results of the reliability analysis indicate that a display system

utilizing the DIGISPLAY device is capabl. of meeting the design gozl of 2000

hours MTBF utilizing current fabrication techniquen and existing semi-

conductor technologies. Etension of likely tuhnological devOomentts in

the area of large scale integration itproves the prodicted HTSF of t•h

DIGISPLAY system to 2500 hours.

For the remaining devices Zhe predicted systenm HTSF fals hbort of tho

design goa! pri.Atrily because of t4-o co&lex•Ity o& tod|latioa and drive

circuitrI. Also in the case of pla=4a and ferrooloctric the requirmnts
for relatively high Switching voltages preclude the applicati.g of lrge
Pcale integration t•chnlques to 4 significant portion of the disolay

electronics.

Tie alternate approach ustili.-.;.g miltiplexed cdAullatiot and *elect

circuitry for the liquid crvstal iriroves the reliability of thi% s7.to• bv

a factor of 30 percent, but the lital overall XTU, lb44 hortr is stiu Short

of the 2000 hour design goal.
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TABLE 29 TOTAL SYSTEM FAILURE RATES

MULTIPLEXED LIQUID CRYSTAL

OPERATIONAL MODE

DISPLAY & TV FLIR RADAR

DISPLAY TYPE DISPLAY ELTN. TOTAL TOTAL TOTAL
F/R (p.p.m.) F/R (p.p.m.) F/R (p.p.m.) F/R (p.p.m.)

LIQUID CRYSTAL 375 400 458 621

TABLE 30 TOTAL SYSTEM hTBF

MJLTIPLEXED LIQUID CRYSTAL

OPE1RATIONAL -4OD)

DISPLAY TYPE FLIR RADAR
NT3? (HOUR S) HrTSF (HOURS)l HrBF (H•OURS)

LIQ-ID COYSTAL 2500 2100 1640

2
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7.0 CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be drawn from the technology review aad

tradeoff analysis that was performed between twelve advanced non-CRT candi-

dates for the VDS application.

1. In considering the evaluations made and conclusions reached in this

report, the reader must keep in mind one basic fact: evaluations are

based upon a point system authorized by the Navy to evaluate display

devices for a specific application. For other applications orders of

preference would undoubtedly be different.

2. The most promising candidates are the five advanced non-CRT display

techniques in Groups 1 and 2.

GROUP 1

DIGISPLAY

Liquid Crystal

L.IOU P 2

Light Emitting Diodes

Forroelectric

AC Plama

The Group I candidate technique# ýve approxioately a 20 percent perform-

ance advantage over the three candidate& of Group 2. llovever, because

th•ese dieplay technologies ate in 4 relatively early state of develop-

ment, a maJor breakthrough in the research and developýment ef fort o any

of the five mot promisish cmndidates could =e it the most attractive

cagudidate.
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3. Additional research and development effort is required in each of the

advanced non-CRT display technologies of the five most promising candi-

dates in order to bring the performance up to the levels required to

fulfill the design goals of a 1980 VDS.

4. The absolute numbers associated with the weighting factor evaluation are

not as meaningful as the relative assigrnment of points (point differen-

tial) to the various performance parameters of the twelve display

techniques. This consideration is most important it. determining the

relative ranking and arrangement of the advanced non-CRT display tech-

niques into groups according to their potential of eventually fulfilling

the VDS performance goals.

5. Becausk -1 one display technique is so far ahead of the other contenders,

i ia recoemmended that the most attractive or optisum VDS displsy tech-

nique not be selected at this time. The advances in developmenrt among

the tfve aost serious conendinj advanced non-URT c#adidare display

techniques should be monitored and surveyed for at least one sore year

before the Navy selects a particular technique for the VM> arplication.

6. The detailed systezo reliability analysis has show that of the five

oet proaising display technliques, only the DIGISPUA technique tould

achieve the design gtaýl of 2000 hours Map uiliting Current (Abrieation

tvchnivueo and existing seaiotiductor technaolo-tin. This is 4due to thel

relati•ely eiwpltt ed addresin0 circuitry, (10V part; ,CUnt) required

by the DIGIlS1f1lA compared Vith the reatively high ccwplxity of tve

zodulation aid driver circuitry (high parts count) of the other

techniques.

7.It is. r~t.c~eendd that the prtlxai-nary systeta design of the VDS be per-

formed using tn DIGlSAY ttechnilque as the exaple for the baseline

design. The DIG tl' was rated as one of the t•o most promisitig

cand•Ates, and it is the technique that Northrop is cost familiatr vith

and on which the gr*eatest amount of detailed technical •nformation is

available.

mt
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8.0 SIMULATION ST1JDIES

This section describes the static diagnostic tests and the dynamic VDS

format simulation evaluations that were conducted during the VDS study. These

simulation tests were performed to accomplish two main objectives. The first

objective was to obtain experimental information regarding the human engineer-

ing requirementz for dot matrix displays compared to the conventional CRT

raster scanned displays as a guide to the preliminary design of the VDS. The

second objective was to verify the flyability of dot matrix formats developed

for the takeoff/cruise and landing flight modes with respect to the human

factors considerations such as font, size, and spatial groupings of symbols,

the placement and contents of the information, movement patterns of pictorial

information, and the adaptability of the pilot and systems operator to convert

from the existing cockpit displays to the proposed new dot matrix VDS.

8.1 M)ACNOSTIC TESTS

The purpose of these tests vsa to determine •eptvimantmlly tino optimum

scanning standord,resolution, screen brightness, a•W cor.trdst requirements (or

a simulated dot matrix display in comparison with a conventional raster scianned

CRT display. The measurecents and photojrsphs ob.tined provi4ed humsa engineerins

inforntion for the cost-o.•ttctitestrisdQ-o0f studies to select the optitnm

design peraratora ior an operotiowoal VIDS 2nd tosuirod thtat the performance

*p%4ifitot ios for the VfS- design art wor.•be.y

S .2 01Zýt'NOtC LAT TESThSy

The CRT teat eystei shwn WA figure 47 hag the capability to oper4ta3

elthatt inh the c~~e' InTV r~ater code or Inl thte simaxited dot MatriX node.

Teimage of thO tlidida trnsetn xiented In the light box or the IOUs

tes~olutionCR fto oniror eof the display format sisfajJtton system, is formed by
the optical leus svftm on thp vklidon sensor, 04here it is convertad into a

video signal by scannint the rear of the vidicon target with a seam in a

stardard IV scn format (Zzl interlece; vertical (told frequency of 60 1k and

vertical £ar*a ZTequenct o•l 210 (fiz). This video uianal is thln routed to the

video aqplifer In the canra control unit to be amplif ted and conditioned

such that it can d Wve the CRT conitor. The syne geaerator provides the
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vidicon camera and the CRT monitor with sync -ulses, which dictate the scan

rates in both the horizontal and vertical direction.

The electron beam interrupt circuit enables the CRT monitor (which utilizes

a conventional TV raster scan ý:echnique to paint a picture) to simulate a dot

matrix .-splay by blanking and unblanking the video signal in the monitor.

This circuit is comprised of a vcltaqa control oscillator, phase detector, and

a binary counter. The phase detector compares the frequency of the input

clock (from the sync generator) with the frequency of the binary counter, which

is driven by the voltage control oscillator. If the frequencies are not in

phase a voltage will be generated rnd applied to the voltage control oscillator

to either incre.a'e or decrease t frequency of the oscillator (which is the

beam blank/unblai& signal). In this manner the beam blank/unblank signal will

be synchronized with the sync generator, such that the image on the CRT monitor

will be modulated with a stable, nonsmearing dot matrix.

This system can be Frogrammed to operate with 875, 945 or 1023 line scan-

ning standards by changing the sync board in the camera control unit, adjusting

the horizontal oscillator frequency in the CRT monitor, and adjusting the basic

frequency of the voltage control oscillator in the electron beam interrupt

circuit. All of the equipment utilized in the CRT test system, the vidicon

camera, the camera control unit, and the CRT monitor,has at a minimum, a video

bandwidth of 20 MHz which is adequate for scanning rates up to 1023 lines/frame.

8.3 STATIC SIMULATION TEST PROCEDUR"E

The static simulation test procedure utilized the light box and the CRT

test system to obtain test data, using Lri-bar resolution patterns and EIA

Standard gray scale test transparencies. The objective was to determine the

greatest number of line-pairs and gray shades that can be resolved or detected

on the display, as a function of the following variable parameters:

. Type of display techniques used

1) Conventional W raster scan

2) Dot matrix

2
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3. The horizontal cscillator frequency control on the CRT monitor was ad-

justed to stabilize the image on the CRT monitor.

4. With a wideband oscilloscope tied to the video output of the camera con-

trol unit, the cable delay control on the deflection unit was adjusted

until the greatest (in amplitude) video signal was obtained. The video

signal was 1 volt peak-to-peak riding on top of a 1 volt sync pulse.

8.4 TEST PROCEDURE

This test procedure was run three times, once for each different scanning

standard (875, 945 and 1023) which determined the number of resolution lines or

elements utilized by the display.

1. Using the resolution test transparency, the vertical and the horizontal

size control on the CRT monitor was adjusted such that the 6.5625 inch

square test transparency was 9.46 inch square on the CRT monitor with

the vertical raster size of 9.5 inches.

NOTE: The CRT monitor adjusted in this manner provided a display with

1) 85 lines/inch resolution density with a 9.46 inch square screen

size in the 875 scanning rate system; 2) 92 lines/inch resolution

density with a 9.46 inch square screen size in the 945 scanning
rate system; or 3) 100 lines/inch resolution density with a 9.46

inch square screen size in the 1023 scanning rate system.

2. The brightness level of the image and the background were measured with

a photometer, at the test transparency and also at the CRT monitor.

NOTE: The brightness levels recorded for positions 1 and 2 were

used as a reference, so that the brightness and contrast

control on the CRT monitor and the variable light source

of the light box could be readjusted to these values, if

required, after the system had been reconfigured to another

scanning rate.
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3. The signal and the noise component of the video signal at the output of
the camera control unit at each one of the 12 positions described above was
measured, using a wideband oscilloscope, recorded and photographed.

4. The highest number of line-pairs that the observer could resolve with no
ambient illumination at a distance of 28 and 14 inches from the CRT

monitor were recorded.

5. Steps 2, 3 and 4 (except the taking of photographs) for two other image

brightness levels by readjusting the variable light source of the light

box were repeated.

6. The variable light source of the light box was readjusted to provide 700
foot-Lamberts on the translucent diffusing screen (without the test trans-

parency) and the gray scale test transparency was inserted.

7. The brightness level of each one of the 16 shades of gray was measured with
a photometer at the test transparency and also at the CRT monitor.

8. The video signal -J the noise component of the video, at the output of

the camera control unit, was measured and photographed to show the ampli-

tude of the video at each of the 16 gray shade positions.

9. The gray scale image that could be detected by an observer located 28
inches away from the CRT monitor was photographed.

10. The ambient light intensity directed on the CRT monitor was measured with
a photometer and the detectable gray shades viewed (by an observer) for

each one of the three different ambient light conditions were recorded.

11. The two selected display format transparencies were inserted (one at a

time) into the light box, and photographs were taken of the image on the

CRT monitor. These photographs (total of six, two for each different'
scanning rate) were used to show the difference in the display, caused
by changing the number of resolution lines with a fixed screen size.

NOTE: Two display formats, landing mode and the weapon delivery air-co-

ground mode, were selected because they represent the two different
types of pictorial background (simulated view and the real image)

used in the VDS.
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12. One of the display formats was used to adjust the vertical and horizontal

size control on the CRT monitor, such that the 6.5625 inch square image of

the transparency was displayed on the CRT monitcc with 100 lines/inch

resolution.

NOTE: The image size on the CRT monitor was 1) 8.07 inch square in an

875-line scanning rate system, 2) 8.74 inch square in a 945-line

scanning system, or 3) 9.46 inch square in a 1023-line scanning system.

13. All of the different display format transparencies were inserted (one at a

time) into the light box, and photographs of the image on the CRT monitor

were obtained. These photographs taken in this step were used to show

the difference in the display, caused by changing the screen size with a

fixed number of scanning lines.

Steps 1 through 13 were repeated with the beam interrupt circuit activated to

obtain data and photographs related to the dot matrix type of presentation.

NOTE: The frequency of the beam blank/unblank signal in the CRT monitor

was 1) 26 MHz for the 875-line scanning rate system, 2) 31 MHz for

the 945-line scanning rate system, and 3) 37 MHz for tbQ 1023-line

scanning rate system.

The data obtained from the resolution and gray scale simulation measure-

ments are listed in Tables 31 and 32, respectively. In Table 31 the first value

listed for each observer refers to performance at a 14-inch viewing distance

and the second value at a 28-inch viewing distance.
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TABLE 31 RESOLUTION MEASUREMENT DATA

TEST TYPE OF DISPLAY NO.OF RE DETECTABLE LINE-PAIRS OBSERVER
NO. LINES IN LPI HORIZONTAL VERTICAL

265 265 McDade
236 265
'297 265
236 210

Raster 640 80 8 186 210
186 210 Meyer
333 265 Rusk
297 236.
265 236 ....."23 2'36' or

"372 '297' Di Benedetto
_ _ 297 265

265 R5 McDade236 265

265 Noda236 210

2 Dot 640 80 8 .. 186 166 Meyer

297 186, Rusk
265 210

23 Yoern265 236
265 186
236 186 DiBenedetto
333 333
297 .. McDade

333 297
297 265

Raster 720 80 9 .... Meyer* -- ,., 210 210 -e.e
372 333 Rusk
"353 236 Rus_
297 265297 265- Yoern

333 23 -333 236 DiBenedetto297 210

333 333 Mc....
297 297- MeDada
333 265
265 236

4 Dot 720 80 9 218 186 Meyer186 186
333 236 Rusk
265 236
265 210
265 210 Yoern
265 265 D d

------ 265 , 186_ Difenedeteo
*SCREFN SIZE (INCHES)
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- TABLE 31 RESOLUTION MEASUREMENT DATA (Continued)

TES TYPE OF DISPLA OF RES. . DETECTABLE LINE-PAIRS

NO. INES IN LP HORIZONTAL VERTICAL
372 372333 McDade

372 33 N'
333 297 Noda
236 265

5 Raster 800 80 10 236 236 Meyer

S420 297
333 265

S. 372 333 "
333 297 Yoern

S372 333 DiBenedetto
372 265
372 372
333 33 McDade
333 297
297 265

6 Dot 800 80 10 9 2 36 2 Meyer
236 210 _______

372 297

297 265 Rusk

297 265
297 265 Yoern

297 372 ' DiBenedetto

372 372
333 372 McDade
372 333
372 333 Noda

7 Raster 880 80 11 297 265 Meyer
265 236 Mer'420 - 297 Rs333 " 297

372 - 265 Yoern
" 372 233

r_ -377 33 DiBenedetto
372 - -3
372 372 "
333 -'-331 McDade
33 333____ Noda
333 333

8 Dot 880 80 11 2,6L. 10 Meyer

372 297

297 265
_ _ .372 265 Y oern

333 297 Yoern
,2,97,r 265
265 236 DiBenedetto

*SCREEN SIZE (INCHES)
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TABLE 31 RESOLUTION MEASUREMENT DATA (Cont'd)

TEST 0. OF RES. DETECTABLE LINE-PAIRS OBSERVER

NO. LINES IN LPI HORIZONTAL VERTICAL
297 297
236 236
265 210
236 210
236 186

9 Raster 800 100 8 210 166 Meyer

372 236
265 186
333 210
297 210
236 "' 186 ..236 -Di Benedetto236 166

265 265
236 236
265 210
236 186

-Ii) 800 100 8 210 148 Mer
210 148

297 186 Rusk
236 166
265 210 ... .. e .. ..
265 210
265 21066e
265 166 Di Benedetto

_____ ____ ________265_ 148 _ _____

297 McDade
265 265

333 265

265 236
265 210

11 Raster 900 100 9 236 186 Meyer

420 265

"297 236 Rusk
333 236 ..
333 236 Yoern
333 210
297 210 DiBenedetto
297 186
297 297,

205 265

Noda

265 210

12 Dot 900 100 9 265 166 Meyer210 166 Mye

33)3 210
_265 210 Rusk

372 236
333 236
297 186
_18_2,36 6 DiBenedetto

*SCREEN SIZE (INCHES)
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TABLE 31 RESOLUTION MEASUREMENT DATA (Cont'd)

TEST TYPE OF DISPLA~•O.OF I RES. . DETECTABLE LINE-PAIRS OBSERVER
SNO. LINES N LPI HORIZONTALI VERTICAL _

372 372 McDade
333 333
372 297
333 265 Noda

297 236
13 Raster 1000 100 10 265 210 Meyer

472 333 Rusk
372 265
372 297
372 297 Yoern
372 297 ,333 297 DiBenedetto333 297

372 372
297 333 McDade

372 297
333 265

14 Dot 1000 100 10 297 Meyer26518 Mer

420 265
333 265 Rusk
372 297
372 297 Yoern

372 210 Di Benedetto
297 210
472 472
420 42 MDade
372 33 Noda372 '297 Nd

15 Raster 1100 100 11 297 236 Meyer
429 236

- 47 297 Rusk
372 297
420 372
372 372

-- - --- •-2 -- " -5...
372 297 ...... DBenedetto

333 2,65

4 7 2 - 1 7 172c d

42 2•33
372 - 33-3 ,odr

372 297 o
16 Dot 1100 100 11 297 ' 210 Meyer

472 265 Rusk333 'i 26,5
, 420 333 or... 372 ... 333 er

:-372 '236 .... ..eett

_______"__.,.,_ 265 210 i~ f edeto

* SCREEN SIZE (INCHES)
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TABLE 31 RESOLUTION MEASURMM1T DATA (Cont 'd)

TETP O0. OF RES. DETECTABLE LINE-PAIRST YPE._ OF DISPLAY ' OBSERVER

NO. _ _ _ _INES M LPI HORIZONTAL VERTICAL
3/5 666 35 666 McDade
3/3 530 3/3 530
742 945 3/6 744 Noda

PHOTOGRAPH ONLY I- 1 3/2 472 4 420 Nods

NO VIDICON OR WR 45 1331 /3 1057 Meyer
17 DISPLAY SYSTEM KHART 3/2 472 /1 4201SS" 4/4 1187 /3 I0-7

312 472 /2 472 Rusk

4/2 945 92 945
316 744 15 666 Yoern

W4[ 13 10571187
315 530 13 530 Di Benedetto

Raster 800 80 10" 265 2m- Neil Douglas265 236 1

Dot 800 80 10" 265 236
236 236

Photograph 6.5" 4/- 844 6/1 844
3/4 593 3E3 530

Raster 720 80 qI 297 236
236 210

Dot 720 aO 9o 236 210
210 210

Raster 640 80 8" 210 1 - 86 - -

Dot 640 80 8 236 186210 186 ....

Raster 880 80 11" 297
297 265 .....

Dot 880 80 11" - 333 297 ... . _"_-

+ ....291 2 t6 5
Raster 800 100 8" . . . . .-

Dot 800 100 8"1 210 186
186 148 -_

Raster 900 100 9" ____210 . I_6
W ... . 210 -. 106

Dot 900 100 9" 210 186
.. .21X0 1 A6__

Raster 1000 100 t0" 3Z2 "16 5

372 265+. + 333 26,5 ... . .. ._

Dot 1000 .00 10", 33 265333 265

Raster 1100 100 ilt 333 265 .....i 333 265-

Dot 1101 ico 333 265
333 265 -
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8.5 DIAGNOSTIC SIMULATION TEST CONCLUSIONS

As may be seen from Table 31 , there is quite a disparity in visual per-

formance among a randomly selected group of observers. Although all observers

used for these tests had either normal or corrected 20:20 vision, the subjective

nature of the decision process, i.e., whether a group of equi-spaced bars wern

resolva.le or not, resulted in the presence of some bias in the recorded data.

In general, those observers who had some familiarity with tests of this type

tended to score high while those with little a priori knowledge scored low.

The trends, however, remained consistent from one observer to the next, and

this in itself justified a belief in the validity of the study.

To separate out the general trends buried in the raw data, the sample mean

and the unbiased sample variance were computed for each set of data in accord-

ance with the following standard formulas

- _ /xI + x2 + x ..... + xX _ n 1 n

n•=

where n is the sample size. The mean values so calculated are plotted in

Figures 48 and 49 as a function of the display width. The first figure

illustrates the situation at the standard cockpit viewing distance of 28 inches

and the second at a close-up discance of only 14 inches. Note that the trends

as indicated by both situations are nearly identical. The main difference being

that the detectable resolution at 14 inches is somewhat higher than that at 28

inctes, an intuitively satisfying result. Note also that the trends as indicated

by the two scanning modes, raster and dot matrix, are likewise nearly identical.

The standard deviation in all cases was found to be approximatelv t45 live pairs

per picture width. (Dot matrix performance is represented by the dashed curves.)

To obtain an estimate of how well the sample means indicated in Figures

48 and 49 reflect the actual mean of an infinite sample •opulation, it was

assumed that the data was normally distributed and that Student's t teat was

applicable. This teat determines the confidence interval around the sample

mean within which the actual mean lies. Mathematically we have that the actual

2
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mean is located within the interval defined by

t
- a; n

x± s

where t is the a.confidence point of the t-distribution for n -egrees ofa;n

freedom (independent samples). For 90 percent confidence limits with n = 8

and s = 45, the actual mean is located within the interval defiaied by

- 1.860
x + (45)

i.e., ±30 line pairs around the sample mean.

A few rather disconcerting questions are raised by Figures 48 and 49

For example, it is not known why the 100 l.p.i. (line pairs per inch) curves

are s-shaped, whereas the 80 l.p.i. curves are not. Although the rather wide

confidence interval could account for this behavior in any one curve, it cannot

account for the consistency displayed by each and every curve. Hence, the

phenomenon responsible for this s-shape must be real and not just a quirk of

the data. An even bigger question is raised by the indication of poorer visual

performance at 100 l.p.i. than at 80 l.p.i. when the display size is less than

10 inches in width. This indication is especially apparent for the detection

of vertically-oriented bars. One would intuitively expect the performance at

100 l.p.i. to be always better than that at 80 l.p.i., but this is apparently

not true. It would have been instructive to have conducwed further tests

designed to arrive at an explanation for these strange results, but no time

was available under the constraints of this contract.

The one general conclusion which may be drawn from these figures is that

there is a distinct improvement in visual performance with either the raster

or the dot matrix scan format as the screen rize is increased. This perform-

ance seems to increase rapidly through the range of 8 to 10 inches wvth a

slight tendency toward leveling off with even larger display sizes. Another

conclusion which may 6o re-ached is that the raster scap exhibits only slightly

better performance tbhn does the dot matrix presentation. This is evident in

Figure 50 where the dot matrix performance is plotted as a percentage of the

raster scan performance. In view of the rather large standard deviation

involved, however, this last conclusion is not statistically significant.
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The gray scale test data indicated that there is no significant difference

between the raster scan and simulated dot matrix gray scale recognition capa-

bility for 875, 945, or 1023 TV line scanning standards. When most test

observers optimized the brightness and contrast settings on the monitor for

maximum resolution performance, there was a loss of two shades of gray scale

recognition due to the lower beam intensity which reduced dynamic range.
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8.6 DYNAMIC SIMULATION TESTING

In the dynamic simulation phase of this program, two of the display

formats were presented on a CRT monitor. The formats were varied to present

a short mission simulation. This presentation was viewed by a series of

qualified observers, who then completed a questionnaire. The questionnaire

was prepared to allow evaluation of the organization of the formats, the

presentation of data within the formats, the symbol quality, and the picture

quality for both 875 line raster and 810X810 dot matrix presentations.

8.6.1 Dynamic Simulation Equipment

Figure51 is a block diagram of the equipment used in the dynamic

simulation study. The simulation "flight data" was read on the paper-tape

reader and sent to the general purpose computer. The computer processes

this data and issues instructions to the display generator. The display

generator forms the required images and stores them on the disc memory.

The image information is retrieved from the disc and used to refresh a
525 line television monitor. The picture on this monitor is photographed

by a high resolution vidicon camera and redisplayed on a 875 line monitor.

This high resolution monitor has a beam-interrupt circuit which enables

the iaage to be shown i& a simulated dot-matrix format.

The teletyp•;:.riter is a modified ASR 33 with paper-tape punch and

independent paper-tape reader. Information transfer to and from the computer

is full duplex, at 10 characters per second.

The computer is a Hiewlett-Packard model 21OA with 4000 words of ozmtory.

This computer features a 16 bit word length, hardware multiply and divide,
and multi-level priority interrupts. The computer receives aircraft

maneuvering instructions from the paper-tape reader. These instructions

are analyzed and the new aircraft situation is calculated. The aircraft

situation is translated into a series of instructions which are sent to the

display generator. The computer then waits until the display generator has

processed all instructions. At this time, new flight data is received

from the paper-tape reader, and vhe cycle is repeated.

S
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The disc memory is a Data Disc Model 5250. This memory is of a

head-per-track design with an 1800 revolution per minute speed. Sixteen

tracks are used on the disc to store the information content of four black

and white video images. These images can be combined into two pictures

with four shades of gray or one picture with sixteen shades of gray.

Due to the serial nature of the disc memory and the complexity

of the required images, six revolutions of the disc (one-fifth of a

second) are required to change the display image. To avoid objectional

smearing and jumping of the images, a combinational technique using all

four disc channels was employed. Disc channels A and B stored image

information that does not change during the flight simulation. Channels

C and D contain information which must be regenerated to reflect changes

in the aircraft situation. Initially, channels A, B and C are logically

combined to form a four shade video image. Simultaneously, the information

on channel D is being rewritten. When channel D is completely regenerated,

a multiplexer is switched and channels A, B, and D are now combined to

form the display image. Channel C can now be regenerated to reflect changes

in aircraft situation without disturbing the displayed image. The reader

will note that each channel consists of four tracks on the disc and is

essentially a complete black and white image. Also note that the multiplex-

ing and combining is done with the data in digital form as it comes from

the disc. The combined data then passes through a D/A converter and video

amplifier.

The display generator is a Data Disc Model 6601. This device converts

instructions from the computer into picture elements and stores the image

information on the disc memory. The display generator also contains the

D/A converters, video amplifiers, and sync generation circuitry. The Data

Disc display generator has five basic modes of operation which are software

selectable. These modes are summarized below:

Alphanumeric Mode: In this mode, a block of one or more alphanumeric

characters is generated, starting at a preset X and Y address. The characters

can be chosen from a 128 character set including upper and lower case

alphabet, numerics, punctuation and special-purpose mathematical symbols.

The characters can be generated in four fonts and can be displayed light on

dark or dark on light background. This mode is heavily used in the heading,
altitude, airspeed, mach number, and pitch scales of the VDS formats.
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Graphic Line Mode: In the graphic line mode, a rectangular area is
written, given the four corner addresses. The area may be written either
dark or light. This mode is used in the simulation to form the horizon

and the pitch ladder. Since only rectangular areas are automatically written,
angular lines are approximated using rectangles or line segments. The

calculation of the addresses required to approximate an angular line is

done in the computer.

Graphic Data Mode: In the graphic data mode, twelve 8-bit bytes of
data from the computer are put on the display in the form of an 8X12 matrix.

The purpose of this mode is to allow the use of special characters not
included in the Data Disc generator character set. This mode is used to

form the roll index pointer in the simulation.

Display Data Mode: In the display date mode, bytes of data from the

computer are written directly on the display. This mode is not used in the

simulation.

Graphic Chart Mode: The graphic chart mode is similar to the display
data mode except that one line, or partial line, of data is repeated on a
variable number of adjacent lines. This mode is not used in the simulation.

All display generation steps require several instructions from the

computer. These instructions may be divided into the follcwing categories:

Control Instructionst The control instructions include such functions

as erase, reset, and channel select.

Mode Instructions: The mode instructions determine which of the alove
modes the display generator will operate in. The instruction P•so includes

bits to set size, and color (gray shade) options.

Address Instructions: The address instructions set the X and Y positions

at which writing will start in any of the modes. In the graphic line and
graphic chart modes, address instructions are also required to set the final

position of the writing.
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Data Instructions: Data instructions contain the data to be placed or

the display. In the alphanumeric mode, the data consists of eight bit

character codes. In the graphic line mode, data consists of new addresses.

In all other modes, the data is the actual partern desired on tthe di-l!y.

Data may be sent in blocks of c= vr more words.

The -_i-uer will please note that the above paragraphs do not consti. te

a complete description of the Data Disc Display Generator. Within er. X mode

there are numerous options of size, shade, and methods of writing.. Tese

options give the system a great amount of versatility.

The 525 line monitor used was a modified 1024 line, 14 inch diagonal

CONBAC monitor. This device was choser. because of its high bandwidth and

excellent linearity. The 875 line camera hid monitor were the same

devices used in the static testing phase. The beam-interrupt circuit was

used to simulate an 31OX810 dot matrix display. While the equipment used

was all of high quality, the image on the 875 line monitor was not as crisp

as the 525 line picttre. This was due to the predictable MTF loses in the

camera and high resolution monitor.,

8.6.2 Simulation Procedure

The dynamic simulation prccedure was to have an eight minute "flight"

viewed on the 875 line display. The flight %*as viewed at least on•. with r

standard raster display and at least once with a simulated dot matrix presenta-

tion. The viewers then completed a questimnaire on the general acceptability

of the display presentation. A verbal interview ranging from one-half to three

hours was held to got furtlr~ information and to exoand on any weaknesses nfted

on the questionnaire.

This procedure was repeated for groups of one to three observers for a

total of eight obse..wrs. Six of the eight were former military pilots and

all are presently involved in the design or evaluation of military avionics

equipment.

Figures 52 and 53 are the recomsended formats for the take-off/crxtise and

landing moues of flight. To investigate some cf thhe features of these formats,

and to simplify the software required to generate the display, some exceptions

were made to the formats as shown. The basiC features and the exceptions

incorporated in the simalaticm are outlined in Table 33.
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8.6.3 Dynamic Simulation Results

The results of the dynamic simulation testing, in general, supported the

conclusions reached in the study phase of the VDS design. The simulation was

valuable in obtaining the comments and criticisms of eight qualified observers

and in gaining the programming experience necessary for a preliminary design

of the hardware and software required in the VDS system. The detailed results

and conclusions will be discussed in the two following sections.

8.6.4 Questionnaire Results and Observer Comments

The eight qualified observers who viewed the simulation completed a brief

questionnaire. An interview was held with each observer to obtain more

det' led conment on the simulation performance. This section will summarize

the answers eiven on the questionnaire and include pertinent comments from

the intervitws.

The first two questions pertained to the size and shape of the alphanumeric

characters. The purpose of these questions was not to obtain quantitative human

factors data on character perception. The purpose was to determine the resolu-

tion required in the symbol generater and symbol memory.of the VDS system.

The simulation formats include six sizes of characters ranging in height front

.18 inch to .29 inch. Six different fonts were used, ranging from 6x7 to 9x12
matrixes. The dot size was varied so that the increase in font complexity did

not necessarily result in a proportional increase in size.

The observer's answers indicated that a character height of 0.25" or
larger is acceptable for the VDS formats. The preferred fonts were either

9xll or lOx12 dot matrixes. These fonts have sufficient resolution to allow

adequate distinction between all required symbols.

The third and fourth questions were on the acceptability of the format
and placement of the scales around the border of the display. In general,

the location of the scales was acceptable. Some criticism was received on
the close spacing of the scales at the sides of the display. However, the

cbservers unanimously declared the airspeed and altitude scale formats to

be unacceptable. These scales were implemented with a "folded" scale and a
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nin)ving pointer. When the pointer reached either end of the scale, the scale

numerals were changed and the pointer jumped to the other end of the scale.

This technique required the observers to search for both the scale factor

and the pointer and was unacceptable. The majority of the observers

recommended an implementation with a fixed pointer and a continuously moving

scale. This technique was used for the heading scale. The vertical velocity

and angle of attach scales were acceptable, though possibly lacking in

resolvability, particularly in the landing mode.

Questions five and seven dealt with the quality and contrast of the

video image. The images were considered acccptable in both the raster and

simulated-dot-matrix displays, even though the image quality was not as good

as the quality of the display on the 525 line monitor. One pertinent comment

was that increasing the brightness of the scale indexers would allow the

observer to acquire the scale values more rapidly.

Question six was on the general quantity of information present in the

formats. The take-off-and-cruise mode was acceptable to all observers in

presenting all information required without including any unnecessary or

L redundant data. However, two reasonable objections were raised to the landing

formats. The first was that the angle-of-attack could not be read to the required

accuracy on the existing scale. The suggested solutions to this problem were

to either expand the scale or to eliminate the Mach number in the landing mode

and replace it with a digital readout of angle of attack. The second objection

dealt with the display of the instrument landing parameters. The display included

a velocity vector dot and a cross indicating the correct velocity vector. When

these two are aligned, the aircraft is on the correct glide path. This was

considered an acceptable landing indicator. However, the recommended format

also included an artificial runway symbol which was not used duzing the simula-

tion. Since the landing approach to an aircraft carrier is essentially a straight

line flight, only two, not three, references are required to locate the correct

glide path. Two observers strongly felt that the third jymbol was redundant

and tended to clutter the display. No conclusions were rtzched as to which

two symbols would be preferred.
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The last qaestions were on the quality of the alphanumeric and graphic

image in the center of the display, including the artificial horizon, pitch

ladder, aircraft symbol and roll attitude reference. The general agreement

was that the information was acceptable. Two very important conclusions can

be drawn from the comments to these questions. The first is that the horizontal

line-segment approximations to diagonal lines that were used in the horizon

and pitch ladder are completely acceptable. Several of the observers even

felt that the stepped horizon line was preferable and more realistic than

a straight diagonal line. The second conclusion is that the stepping of the

images caused by the five hertz display update rate was not totally unacceptable.

While five observers indicated that the jumping of the horizon and pitch ladder

was disconcerting, all observers agreed that they could fly the aircraft with

the display as presented.

The 2eneralized conclusions that may be drawn from the results of the

dynamic simulation are as follows:

1) The information-requirements analysis for the take-off and cruise mode

and landing mode was correct.

2) The two VDS formats simulated are acceptable with the exceptions of

the airspeed and altitude scales. Changing these scales as recomended

and relocating the scales at the sides of the display would result in

a VDS completely compatible with recent Navy HUD designs.

3) While a five hertz display update rate is marginally acceptable, ten herts

would appear to be the preferred update rate. There is .io indication

that continaous (i.e. 30 hz) update is required. Note that update rate, that

rate at which the total image is char.ged, should not be confused with

refresh rate which would be 60 hz in all cases.

4) The data obtained from the questiems on the character size* and fonts and

the lack of objection to the approximated diagonal lines indicates that

400x400 resolution is adequate for the alphanumeric/graphic portions of

the VDS images. This does not imply thtat 400 line resolution is anywhere

nearly adequate for the sensor images. This requirement is best fulfilled

by the use of 806x806 active line which is compatible with 875 TV-l ine

scanning standards.
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1Ž- 8.6.5 Programming Considerations

The programming of the dynamic simulation provided some insight into

the hardware-software package required for the VDS system. The programming

for the simulation required 2415 words of computer storage. 240 words were

used for routines to input and interpret instructions from the teletypewriter

and to calculate the aircraft situation. This programming will not be required

in the final VDS system, since the aircraft will already contain some form

of air-data-computer. 370 words of programming were required to do diagonal

vector generation. In the final VDS system, this task will be assigned to

hardware in the symbol generator. An additional 120 words of storage can

be eliminated if the pitch and roll angle data is available in trigonometric

form (sine and cosine, preferably).

The software used in the simulation was the first attempt at the problem.

Experience indicates that rewriting the software to minimize the number of

instructions should result in an additional 15% reduction.

Thus the programming required to generate the take-off, cruise and

landing formats will require 1450 words of storage.

2415
-240
-370
-120

1685
X.85

1442

These 1450 words will include the programming to generate the air-data

portions of all the formats.

Based on this Information and the coa)lexity of the other required formats,

the following estimates of computer size can be made:

2
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Computer Size Estimates For VDS System:

Word Length: 16 Bits

Number of Arithmetic Registers: 4 minimum

Number of .I/0 Channels: 8 minimum including one
multiplexed channel

Number of Words of Program

(Read-Only) Storage: 4096

Number of Words of Working-

Area (Read-Write) Storage: 1024
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9.0 DIGISPLAY SYSTEM TRADEOFF ANALYSIS

In Section 6 of this report it was concluded from an evaluation of non-CRT

display techniques that the Northrop-developed DIGISPLAY is one of the two most

promising candidates for meeting the VDS requirements identified in Section 3.

This conclusion along with Northrop's intimate familiarity with DIGISPLAY tech-

nology has prompted the selection of the DIGISPLAY as the example to be used

for the VDS baseline design. A brief description of the DIGISPLAY is given in

Appendix A3.

In designing a high performance display such as is required for the VDS,

it is important that some optimization of the more significant parameters be

performed so as to make this high performance realizable. Generally it will

be found impossible to optimize all parameters simultaneously, however, since

their interdependence may result in conflicting requirements. In such a situ-

ation a tradeoff analysis is in order whereby the best compromise among all the

alternatives can be identified and offered as the optimum overall design.

A computer-aided tradeoff analysis was subsequently performed for the

Spurpose of evaluating the suitability of various DIGISPLAY dtsigns for the VDS

application. The computer made it possible to perturhateo various parameters and

to observe their effect on display performance with little chance for arithme-

tical error. Sections 9.1 and 9.2, which follow, dlescribe the system input

parameters which were assumed, the parametric equations which were solved and

the concluding results which were obtained. Although no selection of the

optimum configuration is made here (see SectionO 10 ior this design selection),

the assets and liabilities of each of tht configurations analyzed are idutifilei

and some discussion is given with regari to their implications.

9.1 COMPUTER PROGRAM FOR DIGISPLA¥ OFlIMIZATzUX

The realization of high performance VDS operation necessitates the opti-

mization of the display's design parameters. This optimization. however. must

be performed through a parametric tradeoff analysis since the InterdepetWience

of many parameters precludes their optizLaatLon stianly.
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As an aid in performing this parametric tradeoff evaluation, a FORTRAN

computer program was written and used to solve the various mathematical equa-

tions of physics which govern the performance of the DIGISPLAY system. Although

these equations were not in themselves particularly difficult to solve by hand,

their solution by computer greatly reduced the time and labor involved in

evaluating many of the possible DIGISPLAY configurations which were promising

candidates for the VDS. Furthermore, the computer program was far less prone

to arithmetical error, error which if undetected could easily have procreated

incorrect conclusions.

Although analytical techniques such as computer programming are powerful

tools for analysis, they are generally relatively weak for synthesis. For

example, giver. a list of independent input parameters such as voltage, current,

dwell time, etc., a computer can readily analyze a deperdent output parameter

such as screen brightness. However, if a desired dependent parameter such as

screen brightness is given instead, the computer is nearly incapable of synthe-

sizing the independent parameters which collectively result in the desired

dependent parameter. Unfortunately, optimization implies synthesis and not

analysit. Therefore it was not possible to write a computer program which,

whein given the desired performance parameters sucb as brightness, power, con-

trast, etc., would synthesize the DIGISPAY configuration and operational

parametera which were optimum in achieving this result. Instead, it was

necessary to write a program which, when given a DIGISPLAY configuration and

suitable operational purameters, would analyse its txpected performance. A

sense of optimization could be achieved then only by analyzing maty configura-

tions and subsequently choosing that configuration which most nearly *at the

destred pertoratce parameters.

The folloving paragraphs will. describe the computer program in some detail

with emphasis on the mathematical equations which it solves. In Table 34

a list of the input parameters ntecesary to run the program is given. Mloat of

the parameters were held constant frou one computer run to the next so as to

sake a comparison between various DIGISPLAY configurations meaningful. The

values of these constant parameters are also listed. All of the values listed

under the heading of "Physical Parameters" represent the state-of-the-art in

DIGTSFLAY design. Those listed under "Operational Parameters" and "Electron,4ic
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TABLE 34 COMPUTER PROGRAM INPUT PARAMETERS

SYMBOL PARAMETER VALUE IF HELD CONSTANT

PHYSICAL PARAMETERS

I/S Hole Resolution 80 Holes/inch

D Hole Diameter 6.5 Mils

X Plate Thickness 4.0 Mils
p

X Spacer Thickness 4.0 Mils5

G Conductor Gap (minimum) 2.5 Mils

K Plate Dielectric Constant 6.95
P

K Spacer Dielectric Constant (average) 2.5

SInput Buffer Segments 8

OPERATIONAL PARAMETERS

V on Plate Voltage (on) 90 Volts

Voff Plate Voltage (off) -30 Volts

1/r fra Frame Rate 30 Hertz

(p Phosphor Luminous Efficiency (P-44) 410 Ft-L/pA/cm2 @ 10 KV

Vphos Phosphor Voltage 10 KV

Phosphor Bu4rn Praeter (P-44) 100 Coulombs/cma2

N! Scan Intoi'laco 2:1

V F• coO CWn Cup Voltage 5 Voltscup.

V srreo Flood (Gun Screen Voltage 22 Volts

V inpt Staci I nput Voltage 25 Volts

Vmod Maxium Modulation Voltage 40 Volts

a Typical Modulation Depth 0.2

R Plate SWitchi•g Rate Variable

0
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TABLE 34 COMPUTER PROGRAM INPUT PARAMETERS (CONT'D)

SYMBOL PARAMETER VALUE IF HELD CONSTANT

ELECTRONIC PARAMETERS

Ph Heater Requirement 75 mw/cm2

tgun Flood Gun Current Efficiency 0.25

PI Logic Circuitry Power 25 mw/driver

a Driver Bias Factor 0.1

P Driver (Modulator) Quiescent Power 200 mw/driver (Modulator)
quies

Nv, N Display Format Variable
h

N Number of Plates
p

NL Number of leads per Plate

Length of Plate Finger in #holes

K Width of Plate Finger in #holes

Nb Number of Scanning Beams
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Parameters" represent typical values which may be expected witn an operational

DIGISPLAY system. Most of these values have been obtained or extrapolated from

prototype DIGISFIAY devices which are presently in laboratory development.

Lead Capacitance - One signi.ficant parameter which is strongly configura-

tion dependent and which affetL:3 DIGISPLAY performance is the lead capacitance

of the various decoding and medulator plates of the DIGISPLAY configuration.

The lead capacitance has a direct ifluence on the speed at which a plate may

be switched and therefore also has a marked influence on the scanning beam

dwell time available.

The total lead capacitance may be subdivided into three parallel compo-

nents: an inter-plate gap capacitance, Cs, al intra-plate gap capacitance,

Cp, and an inter-hole capacitance, Ch. The equevttons which define each of

these three components are derived in Appendices A4, A5, and A6, respectively.

Here we will merely indicate the results:

K(k 1)

to $in
vih~re 9(k) iS the icn0ylgte elliptic ifategr~l ai the first kiod for*Pulsk

r l•-

S'a 'A WW k
t~n

k2  ~(.(; 11~2 vih2 2

P

Ithe total lead capacitaoce cay ttn Upe witten as:
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KL =K(s+2C) + C h

where the constant K is dependent upon the actual geometry cf the interdigitalg

conductor fingers on each plate. Comparison of the capa4;Ltance values calculated

from this equation with those measured on actual decodinzg platezi indicates that

for most decoding plates K is approximately 0.825 but foz modulator plates and

those decoding plates which are similar to modulatio; plates (i.e., have con-
ductor fingers which are only one-hole wide), K is very nearly unity.S' g

Access Time - As mentioned previously, the limit in plate switching speed,

or display access time, is governed by the lead capacitance (and to a lesser

extent the switching voltage) of each decoding or modulator plate. High lead

capacitance requir.s a long access time to permit all switching transients to

stabilize. Cc :equently low lead capacitance is desirable although high lead

capacitance is tolerable on some plates if they are required to switch either

not too ( ten or only at appropriate times such as the end of a line or the

end of a field.

Two high voltage switch designs have been fabricated and tested for previ-

ous programs. Switch number 1 was designed some time ago under a Northrop IR&D

program to drive a 512-character alphanumeric DIGISPLAY. Switch number 2 was

designed more recently under AFA.L Contract F33615-70-C-1188. A third switch

has been fabricated and tested during the past few months for the VDS program.

The switching performance of each oi these three switches as a function of

capacitive load is illustrated in figure 54. Note that the access time is

approximately linearly proportional to load capacitance for all values in

excess of a few hundred pic.farads. At the lower capacitive loads the storage

capacity of the switch itself become the dominant factor.

A mathematical curve-fit to the performance of Switch number 3 was written

into the computer program to account for this dependence of access time on

capacitive load. The following equation fits the performance curve of Switch

number 3 well:

r = 5 x 10-8 + 3 x 10"I0 C
a L

where C is in picofarads and r is in seconds.
a
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MF Imp-. .

Screen Brightness - As presently written, the computer program permits a
calculatiou of the DIGISPLAY's screen brightness in any one of four different
operational modes. The first two modes pertain to a display without storage,
the first being with conventional horizontal and vertical blanking periods and
the second without. Because the time required to switch beam position in the
DIGISPLAY is virtually independent of the distance moved, vertical and hori-
zontal blanking periods to allow for sweep flyback are not required as they
are for the conventional CRT. The only reason for their inclusion in the
computer program is to allow for compatibility with sensors or scan conversion
tubes which do require this blanking.

The last two modes are similar to the first two except that the inclusion
of a storage target is assumed. The flood and erase functions are performed
during the vertical blanking periods only when conventional TV compatibility
is desired. When compatibility is not required, the flood and erase functions
are performed immediately after a complete field of information is written.
Only the third mode will be described here as it provides a high brightness
display which is compatible with conventional TV formatting and is therefore
most suitable for the VDS.

The computer program first calculates the maximum dwell time available
for writing the storage mesh from the following equation:

N b am - N 1( 1.25 m s)
b. . frame I

•wl(max) = Nh N 7 As]
dwell~mx N h N ae

where the Electronic Industries Association (EIA) standards* of 1.25 ma and
7 As are allotted for the vertical and horizontal blanking periods, respec-
tively. The integers Nv and Nh are the number of holes (resolution elements)
in the vertical and horizontal directions, respectively, and Nb is the number
of simultaneously scanning write beams. NI is the interlace factor (e.g.,
NI 2 for a conventional 2:1 interlace).

*See EIA Standard RS-343A, "Electrical Performance Standards for High Resolution
Monochrome Closed Circuit Television Camera," Electronic Industries Association,
Washington, D.C., September 1969.
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The flood gun current density necessary to charge the storage mesh is then

calculated from

SQmin rdwell
input P Tstack

where 0 is an aperture correction factor which has been assumed to be two in

order to account for some focusing of the flood gun current into the holes of the

decoding stack, Tstack is the effective electron transmission of the stack, and

Qmin is the minimum charge density necessary to charge the storage target.

This minimum charge density is on the order of 10-8 coulombs per square inch

with present day technology and this value which has been confirmed by labora-

tory measurement was used in the program. Substantial increases in charge

storage performance can be expected in the near future, however.

The stack transmission is a function of the ratio of the length, L, of

the holes through the stack to their diameter, D. This transmission has been

measured on previous DIGISPLAY devices and these data are illustrated in figure 55

Note that although no electron vultiplication occurs within the stack itself,

a transmission higher than unity can be achieved with very short (L/D less

than 3) stacks due to the previously mentioned focusing effects at the stack

input. A mathematical curve fit used by the computer program to account for

stazk transmission is

2.7

stack LID - 0.84

The total flood time available per frame is then calculated as the differ-

ence between the vertical blanking periods and the sum totil of the erase times

and the storage mesh access times, i.e.,

r a N (1.25 ms- - 3r'3r
flood I erase store

Note that rflood is the total flood time per frame and that with a 2:1 inter-

lace scheme this flood tioe would be equally divided Into tw6 flood periods,

one 4t the end of each field.

Experimental evidence has indicated that the erase time, rerase' must be

approximately 100 times longer than the minitxm dwell time. T'his indication,

was also incorporated into the computer program.

2
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The storage mesh access time, fstore' was calculated from the following

relation

C ~V
Tstore store

where V is the maximum voltage swing encountered in switching from write tos

flood (assumed to be 300 volts) and I is the maximum charging current avail-S

able to perform the switch (assumed to be 200 milliamps). The storage mesh

capacitance was assumed to be the parallel-plate capacitance between the stor-

age mesh and the collector plate on one side and the contrast enhancement

plate on the other, i.e.,

N N 22)Cstore 2 Ks ED " Xs

The factor of 3 multiplying rstore in the equation for the total flood time is

to account for the three switching operations which occur at the end of each

field, namely the switch from write to flood, the switch from flood to erase,

S and then the switch from erase to write again.

The time-average current density striking the phosphor screen as a result

of image flooding is then calculated as

Jphos = 0.81 Jinput Tstack Tstore / rf /m

where the 0.8 factor accounts for the fact that the input current density was

chosen to provide 80 percent full brightness and Tstore is the electron trans-

mission of the storage target. Tstore was assumed to be 0.1 in the computer

program since laboratory experience has indicated that this value is readily

obtainable with commercially available storage targets. There is every reason

to believe, however, that storage mesh transmission could be substantially

increased if the proper development effort were placed in this area.

Finally the DIGISPLAY screen brightness is calculated as:

1/2
Bscreen iphos ýp 2
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where p is the phosphor's luminous efficie-acy at the desireJ phosphor pot en-
Cp

tial (in this case at 10 kilovolts). The factor in parentheses accuunts for

the fact that the DIGISPLAY creates a dot matrix image consisting of bright

dots on a dark background. Hence the screen brightness is less than the spot

brightness by a factor equal to the ratio of the area of the spot to the area

of a resolution element. In DIGISPLAY devices the screen brightness will

typically be four to five times less than the spot brightness.

At this point it is worth saying something about phosphor screens espe-

cially with regard to phosphor life at high brightness. The light output of

all phosphor screens decay with time, some quite rapidly and others more slow-

ly. This phosphor fatigue is generally due to either thermal burn or electronic

aging. A brief discussion of phosphor life under high brightness operation is

given in Appendix A7 where a side-by-side comparison of a number of high bright-

ness phosphors is made. Of these phosphors, two relatively new rare-earth types,

the P-43 and the P-44, are the most attractive for high brightness operation

such as may be required of the VDS, and of these two the P-44 is preferable

because its very narrow-band emission permits tio employment of spectral

filtering to achieve highly efficient contrast enhancement in spite of a high

ambient illumination environment.

The P-44 is reputed to have a luminous efficiency of 44 lumens per watt

excitation which corresponds to 410 foot.Lamberts per microamp/cm2 at a

10 kilovolt excitation. Furthermore, the P-44 exhibits negligible current

saturation in sharp contrast to the more common P-31 phosphor which has been

used quite extensively in the past. And lastly, the P-44 is reputed to exhibit

a high resistance to electronic aging being characterized by a coulomb rating

in excess of 100 coulombs per square centimeter.

The computer program assumed the use of the P-44 phosphor because of the

above mentioned benefits. Because of the accelerated research which is being

done on phosphors at present, there is every reason to expect that even better

materials will be developed within the next few years.

Inherent Contrast Ratio - Ideally, no beam current would flow from those

channels which are biased off by one or more decoding plates. In prActice,

however, beam cutoff in actual DIGISPLAY devices is not perfect and minute )
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currents, called "ghost" currents, do flow from all channels in addition to

the "on" beam current from the desired few. These ghost currents result in a

reduction of image contrast and therefore must be kept to a minimum.

The magnitude of a ghost beam may be classed according to the number of

decoding plates in the cutoff state it encounters in traveling from the input

to the output of the decoding stack. For example, a first-order ghost is cut

off by only one decoding plate in the stack, a second-order ghost by two, and

so on. With this classification scheme it is obvious that the highest order

ghost a stack consisting of N decoding plates can have is an N-th order ghost.

It is also obvious that a first-order ghost is of greater consequence than a

second and that a second-order ghost is of greater consequence than a third,

and so on.

It can be shown that for a DIGISPLAY consisting of N nonredundant decodingP
plates and Nb multiple scanning beams, the number of first-order ghost associ-

ated with each scanning beam is

N

when n is the decoding factor of the j-th decoding plate. For equally seg-

mented dco%'..ng plates such as are normally used in DIGISPIAY devices, the

dQke.c
4
1n& factor of a plate is equal to the number of decoding segments or

lea's on that plate. Thus the decoding factor of a binary plate is two but

that of an 8-lead plate is eight.

Similarly, it can be shown that tOv number of second-order ghosts associ-

ated WIth each scanning beam is

N N

J-I kzj

where the (J.k) are all of the( NP) unordered pairs that may be chosen from

the numbers 1,2,3,....N p Following the sam procedure, the number of third-p
order ghosts associated with each sc4anning bea@ is
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N N N

0 3 = j jk(nj -1)(n k-1) (n -1)

where the (j,k,2) are all of the( 3 p) unordered groups of three numbers that

may be chosen from the numbers 1, 2, 3, ... N . The number of higher orderP
ghosts associated with each scanning beam are calculated similarly.

Although it is not readily apparent, it may be reasoned that if a scanning

beam has Cl first-order ghosts, C2 second-order ghosts, and Ci i-th order ghosts,
then every position this beam scans will be a first-order ghost CI times, a

second-order ghost C2 times, and an i-th order ghost Ci times during every

scan cycle. Hence, the sum of all the ghost currents yields the total ghost

current emerging from each channel per scan cycle. If T is now the electronc
transmission of a single decoding plate when in the "cutoff" state and T is

g
likewise but for the "gain" state, then the total ghost current per scan cycle
is

N

where Ii is the input current to each channel in the stack.

We will now define the inherent contrast ratio of a DIGISPLAY device as

Ib+ I
CR = I

g

N
where, Ib =I i (Tg) P is the "on" beam current. Substituting the previous

equation for the ghost current into this relation then yields

N

CR N
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where the ratio of T to Tc is called the gain-to-cutoff ratio of the decoding

plate. The gain-to-cutoff ratio is a function of the magnitude of the switch-

ing voltage applied to each decoding plate and has been found to be as high as

10,000 for a moderate switching voltage of only 120 volts.

The computer program calculates the number of first, second, third, etc.,

order ghosts and the inherent contrast ratio as a function of the gain-to-

cutoff ratio in accordance with the above equations.

Input Power - The computer program was written to also provide an engineer-

ing estimate of the total input power necessary to operate the DIGISPLAY. This

power is dissipated in six basic areas, three of which are internal to the

DIGISPLAY tube itself. These three are heater power for the flood gun cathode,
beam power dissipated in the flood gun structure and decoding plate stack, and

beam power dissipated in the phosphor screen. The three external losses are

quiescent power dissipated in the scan logic circuitry, reactive switching

power dissipated in the decoding plate switch circuitry, and reactive power
dissipated in the modulator circuitry. Estimates of the power loss in each of

these areas are given in the following paragraphs.

5 The required flood gun heater power has been assumed to be proportional to

the size of the display but to be essentially independent of the magnitude of

the current emitted. Hence a space-charge limited flood gun has been assumed.

The required heater power is then

P heater " (Nv Nh S2) Ph

where the quantit:y in parentheses indicates the display size and Ph is an

experimentally determined normalization factor indicating the input power re-

quired per unit area. For all of the computer runs made P was assumed to be
75 milliwatts per square centimeter, a number which was empirically derived

from a prototype 512x512 DIGISPLAY.

The beam power dissipated in the flood gun structure and the decoding
plate stack is dependent upon the voltage on an6 the current collected by
each element. The major current collecting elements are the flood gun cup,

the flood gun screen, and the stack input buffer plate. With Vp' Vcu'screen'
and Vinput the voltages on the cup, the screen, and tl'e input buffer, respec-
tively, and with g the current efficiencv of the flood gun, the division of

g7un
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current among these three elements has been experimentally found to follow the

following relations:

S 2]

cup itotal (l un)J[\vscren/
screen l

Jscreen 3 Jtotal (1 Cgunj2 V 1

iinput = Ctotal Cgun

where J total is the total effective emission current density available. These

empirical relations apply to a flood gun which is similar in design to that

developed for a 512x512 DIGISPLAY.

The beam power dissipated may then be written as

p + Gfl) + ... .loodrse + 1 .
beam cup screen inputj v ?frama ( 7 frame i

where the middle term in parentheses is the site (area) of the display and the

last term in brackets indicates the fractional time during which the flood gun

is unblanked, i.e., during the flood, erase, and write periods. The integer

represents a spacially selective blanking of the beam during the write period

which my be implemented by segmanting the flood gun screen or input buffr

plate. This selective blanking vas assumed throughout the tradeoff atalysis

by setting q equal to eight.

The beam power dissipated by the phosphor screen is dependent upon the

information displayed. Hovever, in the worst cgse of mamxaas screen bright-

ness this power may be estimated as

where J os is the tiue-averaged spot current density, V phos the phosphor

excitation potential, and the toru in partntheses the total area of all the

spots in the dot matrix display.
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One of the external sources of power dissipation is the scan logic cir-
cuitry. For purposes of an engineering estimate it was assumed that the total
logic power dissipated was proportional to the number of decoding plate leads
which were required to be switched:

N

Plogic PI(=),

where the proportionality constant P1 was assumed at 25 milliwatts per lead and
(NiL .is the number ef leads contained by the i-th decoding plate.

The decoding switch driver and the modulator power dissipations are similar.
They each consist of a transient dissipation which occurs every time they are
switched and a quiescent dissipation. The defining equations were assumed to

be of the form

N

p drve (Ni 1(l+0)R aE + P qi
P wd ')..~d 1(+0Rod EMod + uP si

"Oert• I .s A twitch biAs factor (asluma-d to be 0.1), Ri ia the switching rate
of the i-th plate (a direct function of the display frame rate) and Z is the
oanrgy roqu.rod to switch the capacitive load represetative of each lead of
the i-th plate, i.e.,

2 ( CI) I Von - Voffl
'9, _" -"CL).,,+ Io a,, V 2

Nodfi~ 2o Nod]

Pquies is the uiOsca.t dissipation per switch or xulator which was assumed
to be 20,0 millivatts, a value derived from kaboratory experience.

The cfm*,utet Prolram was written to calculate each of the six power
dissipations described above A*d to detetuine the total input po.er required
by the DIGMISLAY system as their sus:

I2
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IMP-

Pinput = T p (Pheater + Pbeam + Pphos + Plogic + Pdriver + Pmod)

where is the effective power conversion efficiency of the input power system.

This efficiency was assumed to be a conservative 64 percent for the entire trade-

off analysis.

9.2 TRADEOFF ANALYSIS RESULTS AND CONCLUSIONS

The tradeoff analysis was restricted to display formats which are compat-

ible with the EIA scanning standards for high resolution television. Of

particular interest were the 875, the 945, and the 1023 lines per frame

scanning standards since these three appear to be most compatible with the

diverse system requirenents characteristic of the VDS application. It is

significant to note, however, that these scanning standards refer to the total

number of scan lines per frame and not to the active number of scan lines per

frame. It is customary to allot 7.5 percent of the total field period to

vertical retrace; consequently, the number of active scan lines is approxi-

mately 7.5 percent less than the total number of scan lines. Therefore a dot

matrix display, such as DIGISFHAY, need have only 809 rows of dots to satisfy

the 875 standard, 874 rows to satisfy the 945 standard, and 946 rows to satisfy

the 1023 standard. Because 809 is a prime number and it therefore not decodeable,

only the Bl0x810, the 874x874, and the 946x9Q6 DIGISPIAY formats were analyned

during this tradeoff evaluation. Of course, each of these forma•t may be

decoded by the DIGISLAY TWi several dIUereat ways so*e of which are more

favorable than others.

nflauration Seiection. The basic algoriths fot selecting the possible

decoding schemes for a DICISPLAY device is
N

NR Ia ' NUT t
where N is the nuaber of resolution el. te (channel holes), Nb is the

uinber of multiple scanai•g betla, and n is the decoding factor (an integer)

of the L-th of N de4codifng plates. The most aigni'ttant paint iuhich thisP
algzrittb asphasiast is that botb the number of aultiple be&a and the

de&coding fctora of each and enery decoding plate must be an Loteger factor
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of the number of resolution elements contained in the display. Conversely, if

a particular number of multiple beams is desired, then the size of the display

in terms of its number of resolution elements must be an integer multiple of

the number of beams. Furthermore, this integer multiple must equal the product

of the decoding factors of each and every decoding plate. Consequently, only

certain decoding factors and certain numbers of multiple beams are admissible

for a particular display of a given format.

The prime factors of an 810x810 display are 2-3-3-3-335 and therefore any

one or combination of these factors is suitable as a decoding factor or as the

number of multiple beams in this display. The prime factors of an 874x874

display are 2"19"23 and those of a 946x946 display are 2-11-43. Obviously

there are less combinations possible with either the 874x874 or the 946x946

displays than there are with the 810x810 display. The possible combinations

and therefore the possible number of multiple scanning beams with each of

these display formats are listed in Table 35.

Each decoding factor requires one decoding plate for its implemetation.

An 80x810 format has six primc decoding factors and therefore it can have up

to six decoding plates in each (horitontal and vetic-al) axis. Conversely the

874x874 and 946•496 form•ts each have only three prim factors and co¢sequeutly

say have only threK dý'coding plate; in each axis. Normally, however, it is

desirable ski; have only tvw) or thride decodiag Plates in each axi~s be'tause a

large nuamber of $aotes sartotasty rodw~c~s the currenit throughput efficiency of

the IIG1SPLAT plate stack wad therefore tetossitatos •t•ihr input beam powers

for a given display brightness.

The optimaa tkcodin.; factors ito terms of the least fUmb)er of electrqoic

switch circuits are those factors wbtich are 4"earet to the NZ -t root of the

tnuber of resolu-tio el4*wtos. for exaaple, if ye consider ouly one axis at a

time,. the tbvtntw decoding factors for an% *1041 foi*eat -Cith two Plates in

each atis ate thos~e fadefrs Uhich are closest tojfMi (i.e., 27 and 30); gfirti

three plates iv an axis the oprtim.' decoqlug jactors are 9, 9, and 10 since

they are 4earest to q860. The opti.m decoding ,actmos for the 810%610. the

64*_74, and the 946x94$6 form=t are given itt Table 36. Note thi. the best

decodice factors for the last :Vo formats are far less optiswn t6a4 thase for

the SIO6i1O display.
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TABLE 35

POSSIBLE DECODING FACTORS (OR MULTIPLE BEAMS) OF DIGISPLAY DEVICES

FORMAT POSSIBLE DECODING FACTORS (OR MULTIPLE BEAMS)

8l0x8l0 1, 2, 3, 5, 6, 9, 10, 15, 18, 27, 30, 45, 54, 81,

90, 135, 162, 270, 405, 810

874x874 1, 2, 19, 23, 38, 46, 437, 874

946x946 1, 2, 11.,.22, 43, 86, 473, 946

TABLE 36

OPTIMUM DECODING FACTORS OF' SEVERAL DIGISPLAY DEVICES

FOMT 1PLATE 2 PLATES 3 PLATES 4 PLATES 5 PLATES 6 PLATES
FOMT Per Axis Per Axis Per Axis Per &-fis Per Axis Per Axis

810X810 810 27, 30 9, 9, 10 3, 5, 6,9 3, 3, 3, 2, 3, 3

5, 6 3, 3, 5

874x874 874 23, 38 2, 19, 23 -- -- --

946x946 946 22, 43 2, 11, 43 -

I27

_272



It is always possible to have the optimum decoding factors in at least

one axis of the display. In the modulation axis, however, the decoding factors

applicable are dependent upon the number of multiple beams desired since their

product when multiplied by the number of beams must equal the format number in

that axis. For example, if a 45-beam, 810x810 display is desired, the applicable

decoding factors in the modulation axis must be integer factors of 18 since 18

times 45 equals 810.

It is obvious that there is a maximum to the number of ,multiple beams

desirable. What this maximum is may be readily debated, but it seems certain

that much over 100 beams would be greatly undesirable since a separate modulator

is needed for each beam. Hence, we assumed that no configuration involving

more than 100 multiple scanning beams was of further [nterest., Although less

obvious, there is also a minimum to the number of multiple beams desired. If

too few multiple write beams are used, there will be: insufficient time during

the write perioa to adequately charge the storage mesh prior to flooding. An

estimate of this lower limit can be obtained from a consideration of the number

of resolution elements which must be scanned during one complete frame period.

Mathematically, this may be written as
N. >N min

... b R Nr
Sb Rframe

where r min is the minimum beam stepping period deemed practical and rframe is

the frame period. For a minimum beam stepping period of one microsecond the

lower limit is from 20 to 30 beams for a format in the 800x800 to lO00xlOOO

range.

It was mentioned earlier that an 810x810 format can have up to six decoding

plates in each axis whereas the 874x874 and the 946x946 formats arc limited to

only three in each axis because of the.decoding factors appropriate to each case.

Although the least number of leads and iherefore the least number of electronic

drive circuitry is obtained when the configuration employs the maximur,' number

of decoding plates, such a configuration is most often quite unattractive for other

reasons. To begin with, a large number of decoding plates necessitates higher

input beam powers for a given display brightness due to a "_nrkId decrease in

current throughput efficiency. Even more important, however, is that decoding

plates with low decoding factors are invariably characterized by high lead

capacitance. This high lead capacitance results in high power dissipation in
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the electronic drive circuitry and-in subsequent limitations on the maximum

scanning speed capability of the display. It has been found from past experi-

ence that four or five plate designs with two or three plates in each axis

exhibit considerably less lead capacitance at a modest penalty of only a few

more conductor leads if the optimum decoding factors such as listed in Table 36

are used. This observation is illustrated in Figure 56 for the 810x810, the

874x874, and the 946x946 formats. Note especially for the 810x810 format that

little is gained by employing more than five or six decoding plates. Because

of the particular decoding factors of the 874x874 and the 946x946 formats, of

course, these two cases can have no more than five or six decoding plates.

Another observation which can be made from Figure 56 is that far fewer

conductor leads are required with the 810x810 format than are possible with

either the 874x874 or the 946x946 formats due to a more favorable selection

of decoding factors from which to choose. Hence, it may be said that the

810x810 format is inherently more suitable for DIGISPLAY implementation than

the others because it is more readily decodeable.

Computer Results. A total of fifteen computer runs were made over the

three formats selected for study. Eight computer runs were made for the 810x

810 format because its favorable decoding factors resulted in many more possible

configurations than either of the other two. Four and five plate 810x810

configurations having 30, 45, 54, or 81 multiple scanning beams were studied.

Only three computer runs were made for the 874x874 format since its decoding

factors did not permit any favorable five-plate designs and the number of

multiple beams was limited to either 38 or 46. Four computer runs were made

for the 946x946 format, all of them four-plate configurations having eithet 22,

43, or 86 multiple scanning beams.

The pertinent results of each of these computer runs are listed in Tables

37, 38, and 39. The various configurations in each table are identified by

a code which describes the particular decoding scheme used. For example, the

second configuration in Tabli 37 is listed as 27.30 x 18.(45). This particular

code signifies a configuration which has a 27-lead and a 30-lead decoding plate

in the vertical axis and an 18-lead decoding plate and a 45-lead (beam) modulator

plate in the horizontal axis. Hence a Q',nt is used to separate decoding plates

in a single axis and an x is uaed to i~eparate axes. Parentheses about a number

signifies that that number refers to tý modulator plate.
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The computer output parameters listed for each configuration are the

inherent contrast ratio, the lead capacitance, the required input current

density, and the required input power for both 1100 and 2200 foot-Lambert

operation. Note that the contrast ratios are given for a decoding plate gain-

to-cutoff ratio of 10,000 to 1, which is quite commonly achieved with DIGISPLAY

devices. The relationship becween contrast ratio and the gain-to-cutoff ratio

is illustrated in Figure 57 for typical situations. Note that for the higher

values which are of particular interest to us there is nearly a linear depend-

ence of concras• ratio on gain-to-cutoff ratio.

The inherent contrast ratios of all configurations analyzed are quite high

ranging from a low of 95:1 to a high of 295:1. Since even the 95:1 contrast

ratio permits the display of up to fourteen shades of gray (where the differ-

ential between shades is defined as a \;2 change in brightness) in a low ambient

environment, every one of the configurations studied would be suitable for the

VDS on this basis at least. Note, however, that those configurations with more

decoding plates and more scanning beams exhibit the higher inherent contrast

ratios, This is illustrated in Figure 58 where the contrast ratio (at a gain-

to-cutoff ratio of 10,000:1) is plotted as a function of the r.umber of con-

$ ductoi le0ds fir a11 of the lOx8lO configurations studied. Configurations

with fever leads and higher contrast ratios are obviously preferred.

The lead c4pacitance of the various configurations studied was found to

vary from about 750 to 6,000 picofarads, increasing with both format saze and

with the number of decoding plates. A graphical illustration of the lead

capscitance of each of the fifteen configurations is given in Figure 59

The numbers to the right of each dot in the figure indicate the number of

leads having this capacitance. Tite letter "'" following a number indicates

that at least sua of these lends are modulator leads. A small dot indicates

that only one plate exhibits this capacitance; a large dot, two.

Note that all of the ft7x874 configurations are quite attractive because

of their ba'lanced capacitance. fhts is especially true of the 19"'46 x 19"(46)

configuration which exhibits virtually the same lead capacitance for every

plate. Hence this configuration could be operated in a random access mode

with virtually the sawe performance experienced with the linear raster wode.
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Conversely, the lead capacitance of the five-plate 810x810 configurations are

very unbalanced; however, this unbalance is of only minor concern with regard

to the VDS application because those leads which exhibit high capacitatice are

switched very infrequently when a raster scan is desired.

The minimum input current density required to adequately charge the stor-

age mresh is illustrated in Figure 60 as a function of the display size anJ the

number of multiple write beams. Note that a display having thirty or less write

beams requires quite high input current densities especially for the larger

display formats. Little is gained, however, in having many more than 40 write

beams since the small savings in the input current requirement is more than

osfset by the increase in the number of modulator circuits required. Hence,

40 to 50 write beams seems to be ideal.

An engineering estimate of the total display system input power as a

function of the display's screen brightness is given in Figure 61 . As might

be expected, the input power increases as the square of the display size

(linear with the display area). Note, however, that the input power require-

meAt can be reduced significautly by optirating at a higher phosphor axcitattom

potential (e.g., at 14 or 18.5 kilovolts as show in the figure) since the

input current re;quirtment can be greetly reduced. The input --urrent i:snoot be

reduced below that required to chorge tte sturage mesh (see Figure 60 ),

however, and hence there is a liait to the extent wih which k input current can

be troited for phosphor potential. This litmit can be relaxied, nev4rheles, by

designing the display with a greeter oug~er of ailtiple scatuiLng write bean.

For example, an Input current density of only 2 m/ca2 would bea stdtdcient :

provide 1100 foot-Lambert operation with a 946x%.6 display Nut nt y t( the

phosphor potential were rsaised to 18.5 kilovolts and th-e t#.uer w w-ritie •ea

was to e ce" -of .i~ty.
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10.0 COST EFFECTIVENESS STUDY

This section will discuss the tradeoff considerations between the VDS de-

sign characteristics, performance, and cost considerations. A cost effective-

ness analysis was conducted to determine the optimum design specifications from

the alternate design approaches available, using 875, 945, and 1023 TV line

scanning standards with eight or ten shades of gray imaging capability, for a

1985 non-CRT -MS.

10.1 OPTIMIZATION CRITERIA

The principal difficulty inherent in developing cptimization criteria is

not in defining the criterion, there are many available, but in choosing those

which best represent the program objectives and are at the most appropriate

level of detail. A useful systems level criterion, which may be employed, is

that of system cost effectiveness. A generalized form of this criterion is:

Cost Effectiveness (C.E.)S~C

where P = Some measure of system performance

A = The availability of this performance when it is needed

C = Total cost which includes development, procurement and

operating costs

A practical approach to the choice of an optimum system is to define, on

a weighted criteria basis, the important system performance parameters and de-

sign characteristics and to compare the alternate designs on that basis. During

the second part of the VDS study, representatives of NADC assigned a series of

24 weighted evaluation criteria to the most important system performance

parameters and design characteristics to insure that the correct emphasis was

given to the system parameters considered to be most important by the Navy.

Seven of these weighting factors were used in the cost effectiveness study

to compare the differences in performance between the alternate candidate

systems under consideration. Only those parameters that are expected to pro-

vide different performance levels or design characteristics for the systems undej

consideration were considered. The system performance was calculated for

the 875, 945, and 1023 TV line scanning standards and a screen brightness of

1100 foot-Lambexts, which can provide eight shades of gray in a 10,000 ft-

Lambert environment, from the following expression.
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Cost Effectiveness (C.E.) = (P)(A)
C

i=7
(PWI W. 2 W3 W4 W5 W6 W7

Performance (P) =V 1. B-+ 2 + W3 +W4 + W5 +W6 + W'7"

Pefomc B B B B B B B
i=l 1 2  3

where W = Resolution = 5 points

W = Spot Size = 3 points

W3 Contrast = 8 points (0.15) = 2 points

W4 =Screen Size = 4 points

W5 Volume = 4 points

W6 = Weight = 3 points

W7 = Power = 3 points

B1 through 7 = Normalized Performance Values

(A) = System Availability (MTBF)

C = System Cost

Note that each of the quantitative descriptions of the performance factors

listed is such that the performance improves as the numbers decrease. Thus, all

the B parameters are shown in the denominator. The ieighting factor for system

contrast was multiplied by a factor of (0.15), corresponding to the percentage

of reduced light periods (dawn and dusk) during a 24-hour operational period.

During full sunlight conditions all three TV scanning standards for a vidicon

sensor system have an adequate signal-to-noise ratio and contrast to provide

ten shades of gray scale. It is only during reduced lighting conditions that

the contrast and gray scale capability of the systems is diminished.

1.0.2 CANDIDATE SYSTEMS RATINGS

The nine candidate VDS systems are listed in table 40. They utilize

eight shades of gray scale, 875, 945, and 1023 TV line scanning standards with

dot densities of 80, 90, and 100 dots per inch and screen sizes varying from

8 to 12 inches square corresponding to the scanning standard and dot density.

The diagnostic simulation test results were used to determine the relative
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resolution performance of the candidate systems as shown in table 41, &nd a

comparison of the key system parameters was prepared (see table 42) for three

complete vertical display systems including the display, scan converter with

interface electronics and computer.

Table 43 contains a complete breakdown of the points earned for each of

the seven perforaance and design characteristics and for system availability

and cost for the nine candidate systems. The 875 line scanning standard with

the largest screen size (10 inches square) and with a dot density of 81 dots per

inch scored the highest number of points and is, therefore, considered to be

the most cost effective system. The relative cost effectiveness scores for

all the systems are shown in table 44 . All of the 875 line systems earned

higher scores by approximately 40 percent than the 945 line systems, and all

the 945-line systems earned approximately 20 percent higher scores than the

1023-line systems. Within each group the systems scores increased as the

screen size increased. That is, the system with the largest screen size

scored the highest number of points. The reasons for the lower scanning

standards scoring the higher marks is basically due to the lower complexity of

.these systems, which results in increased reliability (MTBF) and inproved -.

system contrast with lower volume, weight, power, and coat figures.

The next cost effectiveness comparison study was to determine if the

875 TV scanning standard using 10 shades of gray with a four-bit scan converter

was superior to the 875-line system with eight shades of gray scale with a

three-bit scan converter. Table 45 shows a comparison of the key paramters

for an eight and ten shades of gray system using the 875 line scanning standards.

The cost effectiveness of each system was determined from the following

expression, which compares the key parameters which are different for the two

systems.

Cost Effectiveness (C.E.) *

C

wre+W2 W3 W4
B B B B1-1 1 2 3 4
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W = Contrast = 8 points

W Volume = 4 points
2

W3 = Weight = 3 points

W4 = Power = 3 points

A = System Availability (MTBF) = 12 points

C = System Cost

8 shades of gray system = +--+ 3-+ -I -L2 = 192 points - 1.00

10 shades of gray system - + +.4 + -.L + .2l3-5112i= 187 points - 0.87
1 1.09 1.1 1.51.09

10.3 COST EFFECTIVENESS STUDY RESULTS

The following general conclusions can be drawn from the cost effectiveness

tradeoff studies.

1. Video systems with larger screen sizes (lower dot densities within the

range of 80 to 100 dots per inch) are more cost effective than those

systems with smaller screen sizes for the same scanning standards.

2. Systems using lower scanning standards are more cost effective than

those using higher scanning standards (within the range of 875 to 1023

TV lines).

3. Systems using eight shades of gray are more cost effective than those

using ten shades of gray for the same scanning standards.

The cost effectiveness comparison indicates that the 875-line system

using eight shades of gray is approximately 13 percent more cost effective

than the ten-shade-of-gray system. The reason for the higher score obtained

by the eight shades of gray system is due to lower system complexity which

leads to improved reliability (MTBF) and lower volume, weight and power. it

is, therefore, tiq conclusion of this study that the 875 TV line scanning

standard with a ihree-bit scan converter, providing eight shades of gray

scale and a screen brightness of 1100 foot-Lamberts, is the most cost effective

system (provides the highest performance per unit cost of all systems considered)

for the VDS application. This system will be used as the baseline for a pre-

liminary design analysis which is given in the next section.
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11.0 DIGISPLAY - DESIGN CONCEPT FOR A 810x810 RESOLUTION ELEMENT
VDS DISPLAY SYSTEM

The following sections provide a brief description of the display device

and the design approaches to problems which will he encountered in mechanizing

the display system. Some of these concepts have already been demonstrated in

laboratory development hardwax (though on devices with fewer resolution ele-

ments (512x512)) while others will require additional design and development.

"The electronic design assumcs an 810x810 resolution element display with a

resolution of 81 holes per inch, 45 simultaneous writing beams and 5 switched

control plates. A screen brightness of 1100 foot-Lamberts was also assumed

with an accelerating potential of 14.75 KV. This brightness le-el can provide

8 shades of gray scale ( \"2 steps) in a 10,000 foot-Lamberts ambient environ-

ment by use of a narrow bandpass filter watched to the relatively narro output

spectral lines of the phosphor.

11.1 DIGISPLAY DEVICE DESCRIPTIO.

The DIGISLAY device for the 8610810 display consists of an area cthode

electron source, a series of switching and fixed potential plates which cotrol

the electron beams, a storage target and a phoophor. See figture 62.

The area electron source emits electrons over an extended area slightly

larger in sitr •ohan the active area of the switching places. TNo additional

electrodes called the cup and in•ut buffer are used to focus the elec' .ofis and

accelerate them toward the switching plates which control electron flov. The

electron current density at the input buffer control plate is 2.63 =A/c= The

active display area its 0.0x10.O Inches or 25.4x25.4 ca giving an% area of 645 ca

The current output of the electroo lource over the active displar area is there-

fore 2.83 WA/cm2 x 645 ca - 1.82 A.
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The five control plates (Vl, V2, V3, HI and modulator plates) are used to

perform the scanning and modulation functions during the writing mode. In the

FLOOD and ERASE modes these platrs are all turned ON.

Additional plates are the output buffer and collector plates. They are

used to focus the electrons which pass through the modulator plate onto the

storage target in the WRITE mode. The collector plate is also used to collect

electrons repelled by the storage target in the FLOOD and ERASE modes and

secondary electrons from the storage target in the WRITE mode.

The next electro.de is the storage mesh. The storage mash is basically a high

resolution metallic mesh upon which a special dielectric has been deposited. The

dielectric is placed on the side facing the collector plate. It is upon this

dielectric that charge is depositod and information retained.

The contrast enhancement plate follows the storage mesh assembly. It per-

ferms 4 dual purpose. First it is used to enhance the display contrast hy

acting as a blanking grid during the ERASE mode. Secondly, it refocuses the

imge which has been retained on the storage mesh and redefines the spot site.

The phosphor t••~eot and vnvelopve assembly form the viewing surface and

"stable vAcuum Cntvtonmnt tstthi "hich the display operates. The aluoinlited
phos•hor is de-positd on thet viewing face- of the envelope assembly and Is placed

in aclu piro4tity to the ce9rjatt - tan@stt plate.

I th0. W1Al1S ;Wde the "ddrios doin" sAd modulattatg functions arc per-

V, V1  it IAd the iodulator plate.

$4e fif$Ura i2. Thd o>Utnt of These five coo,ýrol islates to a set of 4S ad jaceot

Collineer ~an.Sga nrainis teaerte4 to the 45 beams by a 45 lead

*Mulator Plato.. 0Cu'd$-1 on the tw*o not i 00 don idepetldently. Thciee do-

ICeding plate* (Vill V9 4Ai4 V3 I) ;are used tO decode the; v-ertiCal agids.Tw

plates decode the h'artcontel nxis (HI dnd t.e *odialacor ptjiA4.



The V plate divides the electron beams from the flood gun into nine

horizontal segments each 90 resolution elements in height. In the WRITE mode

one of these segments would be ON and eight would be biased OFF. Thus, the

output from the V1 plate is a matrix of electron beams, 810 resolution elements

wide and 9-0 resolution elements high. The V2 plate divides the output from the

VI plate into 9 horizontal segments each 10 resolution elements high, thus its

output is a matrix 810 resolution elements wide and 10 resolution elements high.

The V3 control plate divides the output of the V2 plate into ten horizontal

strips each one resolution element high. The output of V3 is a collinear array
of 810 adjacent electron beams. This completes the vertical axis decoding.

The H1 control plate divides the output from V3 into eighteen vertical segments.

The output from HI is a collinear array of 45 adjacent electron beams. Each of

the 45 beams is individually modulated and the resulting beams WRITE wa the

storage mesh.

11.1.2 Mechanical Design

The mechanical design features and ruggedization approach for the DIGISPLAY

device are discussed in the following sections. Thermal design and electronics

packaging approach*s are also discussed.

D~r1SP Deice Me c hanical Post no

Figure 62 is en exploded view of the DIGISPLAY for the VDS syatem. The te-a

specific c0p0o00et sections of the device are identified on the drawing. Thes4e

Sections art in order, the area electron gun, input buffer plate, the switching

plate stack, modulator plate, output buffer plate, collector plate, storap

=1%, coutrast ehaftaent plate, phospor target, and the envelope,

I) !RiLgtrntc- - Tve area electron gun emits an electron bees of virtually
co€stant c.u•rreot density over the entire active area of the display device.

The electron ut structure is coostructed of staineles steel sad consite

of an array of ther•ionLc electron emitters and one or =ore electrode. unod

to defocus the efitted electrono into a uniform large area bea". nTi beam

serves as an i-OPut s0-Irce to the Wivtching plate stack Vhich is the heart
of the device. PIGISPLAY devices are presently operating with area

electron 6ans that emit a bea& with greater then I $A Per suare centiater
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current density over a 3.5x5.0 inch area. These devices operate with a

±10 percent variation in brightness over the display area. An improvement

in flood gun output by a factor of 3 is required to obtain the current

density and uniformity required for the VDS application.

2) Input Buffer Plate - The input buffer plate is used to isolate cathode

voltages from the switching plate structure.

3) Switching Plate Stack - The electron 9'tn provides a uniform source of
electrons for the switching plate stack. This stack contains the control
plates necessary to accomplish the scanning format. Each switching plate
is a thin sheet of glass with holes photocheinically etched through at each
location where a dLiplay resolution element is required. The holes in the
plates are lined with a thin film metallic coating, and electrodes (finger
patterns) are arranged on the surfaces of the plates to connect the metal
linings of the holes, or channels, into logical groups. The electrode
patterns on each plate in the device are different. Although the stack
is made of relatively thin glass plates, after fusing it becomes a very
compact (approximately 0.1 inuh thickness) and rugged acsembly.

The plates are separated by glass spacers and sealed together so that the
channels in all the plates are aligned. The basic operating principle of
the device is that for a resolution element to be illuminated on the
display, the channels corresponding to that resolution element on all the
switching plates must be Positively biased with respect to the area electron
source. That is, a negaLive bias on a channel on any one plate is sufficient
to prevent the corresponding resolution element from being illuminated.

4) Modulation Pl'Lte - This plate is structurally the same as the switching
plates and is used to modulate the electron current levul in the scanning
beams and obtain gray scale in the vidoo image. Present modulatiou design
has successfully demonstrated 12 (\r2 ) gray scale steps from the highlight

levPl Lo black level.

J
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5) Output Buffer Plate - This plate is identical to the switching plates

except that it has continuous electroding over both plate surfaces instead 4
of a decoding finger pattern. It is used at the output of the switching

stack to isolate the switching plates from the field of the collector plate.

6) Collector Plate - This plate is identical to the output buffer plate. In

-he WRITM mode it is used to focus the electron beams onto the storage target

and also to collect secondary electrons from the storage target. In the

FLOOD and ERASE modes it collects electrons repelled by the storage target.

7) Storage Target - The storage target is a metal mesh coated on the electron

input side with a dielectric material having good secondary electron

emission (SEE) characteristics. Typically a SEE yield of unity is obtained at

40 volts and yields of 2-3 at several hundred volts of primary energy.

8) Contrast Enhancement Plate - This plate is similar to the output buffer

and collector plates in that it has continuous electroding over both of

its plate surfaces. It is located on the phosphor side of the storage

target, and is used to prevent electrons from striking the phosphor screen

when the storage target is being erased.

9) Phosphor Target - The portion of the electron beam allowed to pass through

the switching stack at any time is accelerated to a phosphor target when

the video image is formed. The phosphor target consists of a layer of

P44 phosphor deposited on the inside of the envelope faceplate and

covered by a thin aluminum layer. By operating this phosphor at a high

voltage it emits light when bombarded by an electron beam.

10) Envelope - The purpose of the envelope is to enclose the components

described above and maintain the vacuum Tntegrity required for the opera-

tion of an electron beam. It also must provide a stable mounting platform

Thermal Considerations

Control of the thermal environment of the display package may be required

to minimize package volume. The system can be designed with a

cold plate as an integral part of the package. The cold plate can sink heat

fron' the display device and f om the electronics. Each electronics assembly

can be packaged to interface with the cold plate by providing a thermal path

to maintain a design temperature :ise above the inlet coolant temperature. A
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coolant temperature rise AT above inlet coolant temperature is expected to be

20 degrees C for a flow of 0.95 lb/minute for coolants such as Coolanol 25 or

Flo-cool 180. This coolant flow rate is capable of removing a total of 190 watts

of continuous heat input which is the total power dissipation of the 810x810

DIGISPLAY system. Typical aircraft liquid cooling systems are expected to

maintain inlet temperactres in the range of +10 to +27 degrees C.

Ruggedization and MIL Qualifications

The DIGISPLAY inherently lends itself very well to ruggedization. The

compactness and simple geometry of the envelopc, the simple construction of the

electron flood gun, and the fused switching stack, storage target, and contrast

enhancement plate all contribute to the ease of ruggedizing this device.

Electronics Packaging

The display device will be housed in a frame behind the display front
panel. The device will be suspended inside the housing by a layer of en-

capsulating material which will bond the device envelope to the panel and

frame structure and will also sink heat from the device to uhe structure and

cold plate. A drawing of the display device package is shown in figure 63.

The display device is shielded at the rear, top, bottom and sides by a
magnetic shield which helps to protect the device from power system fields
and also shields the connections to the device which are located around the

periphery of the envelope. The high voltage (+14.75KV) lead to the phosphor

will be located at ona corner of the device and will be encapsulated.

11.2 VDS SYSTEM DESIGN

A block diagram of the overall VDS system is shown in figure 64. The

major functional units shown on this diagram will be discussed in the

following sections.

11.2.1 DisplayScanning Standards

The TV raster scan format is in accordance with Electronic Industries
Association Standard RS-343A (Electrical Performance Standards for High

Resolution Monochrome Television Camera) for 875 line systems.

This format provides 809 active lines of display per frame made up from
Stwo interlaced fields of 404.5 lines each. The display writes on all 810

lines since the uppermost and lowest lines are "half-lines". The read address
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generator of this video processor/scan converter can be used to derive the

display system clock signal. The horizontal line period is 38.09 [Isec and

the active horizontal line time is 32.09 ýLsec (RS-343A). If the active

horizontal line time contains 18 clock periods and the horizontal blanking

time contains 4 clock periods the clock period will be 38.09 psec = 1.73 tsec
22

and the active line time will be 18xi.73 •sec = 31.14 •sec which is close to

the 31.09 [sec shown in RS-343A.

The display system clock increments the horizontal address generator

which drives the H1 switching decoder. The vertical switching plate decoders

are driven by the vertical address from the read address g-nerator.

The display block diagram is shown in figure 65. Figure 66 shows the display

waveforms which perform the scanning and modulation in the WRITE mode, readout

in the FLOOD mode and selective erasure in the ERASE mode. The unblanking
waveform is also shown. The basic display clock period of 1.73 psec is

divided into two parts: 0.45 FLsec which is used to switch the horizontal

decoding segments of plate H1 and also to switch the D-A converter/modulator

combinations to new data for the next writing period, and a writing period of

1.28 ýisec.

The unblanking signal turns the beams ON only during the 1.28 pIsec writing

periods in the WRITE mode, In the FLOOD and ERASE modes the beams are also

unblanked for the periods shown in the waveforms.

The modulator waveforms are shown stepped to illustrate the timing relation-

ships with the other system waveforms.

The VC, VST and VCE waveforms are the voltages at the collector plate,

storage target and contrast enhancement plate, respectively.

11.2.2 Si&nL.1 Processor

The sigttal processor interfaces with the various sensors accepting stgnal

data, timing data and in some cases sensor coordinate data. The signal

vrocessor condittoas and digitizes the signal data and uses the coordinate
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and timing data to generate appropriate addresses so that the sensor data

may be written into the scan converter. The signal processor also provides

digitized real-time data outputs from 875 line TV scan sources. The signal

processor also generates the read addresses which provide tne TV raster format

for reading the scan converter and symbol memory.

The TV raster format can be the same for both real-time TV inputs and

for other sensors which use the scan converter.

The signal processor conditions the sensor signals prior to encoding.

This includes:

1) adjusting peak-to-peak signal amplitude to standard value for A-D converter

2) white peak clipping

3) gamma cc~rrt ÷tion

4) DC restoration.

The conditioned video is then encoded by the A-D converter into a three-

bit gray shade.

(i For TV raster format video sources the A-i converter samples the video

signal 810 times during the active horitontal line time. The encoded video can

be routed to the display -- byparsing the scan converter, In this mode the

symbology read from memory is "or"ed with the real-time encoded video.

For sensors which require scan conversion prior to display, the scan

converter write address generator and video A-D samplinS times are derived

from timing and coordinate data from the sensor. The scan converter read

address generator, however, continues in the IV raster mode reading out the

scan Converter memory and symbol memory in the same 30-trame/second, 60-field/

second refresh mode regardless oJ the write address format and titaing.

I112.3 Goner.i1 Purpose CoMputer

The general purpose cowfputer showm in figure 64 performs the air data

analysis and generates instructions to the symbol generator. The cormuter

also interfsces with the display control calsole and issues mode control data

to the symbol generator and signal processor. For some sensors, the computer

=ay also process sensor coordinatz data and transfer this information to the

signal processor.
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While the general purpose computer could be a separate processor dedicated

to the VDS system, it most probably will be one of the computational elements

of a disturbed multiprocessor system. The estimated computer configuration would
be a 16-bit parallel processor with a large instruction set (including hardware
multiply and divide), two-level interrupt structure, four general purpose
registers, 1000 word scratch pad memory, and 4000 word read only memory for
program storage. The instruction execution time (with the possible exception

of multiply and divide) should be about 500 nanoseconds. The computer should

be organized around a central data bus which allows data transfer between

input or output devices and the scratch pad memory in a single instruction.

The probable implementation of this computer would be 20 or fewer

complementary-metal-oxide-semiconductor (CMOS) large-scale-integrated circuits

(LSI). This type of circuitry would offer the lowest power dissipation possible

at the required speed. However, N-channel MOS LSI would also be a possible

implementation of the computer with a probable savings in cost.

11.2.4 Cn.nl

The mode control allows the pilot to select the operational mode of the
VDS system. The choice of sensor and display format will generally be a
function of the operational mode. For example, in the terrain following mode,

the radar sensor will be automatically chosen. However in some modest-. ,
pilot will also have a choice of seniors. For example, in a w-'.,on delivery
mode the pilot may desire either FLIR or low-i1cvi toX.vision sensor data.
The mode control function could be implemented with software that stored the

required series of VnS modes needed for a predetermined mission plan.
However, the pilot still would need the capability to override the software
control in the event of an unpredicted deviation from the flight plan.

The VDS control panel would also have controls to allow tho pilot to

designate potential ta;-gets. The coordinates of these targets would then be
calculated by the general purpose computer and sent to the weapots control

SyStem.

Dne hardware implementation of the VDS controls would be a panel of
illuminated push-button switches for mode and sensor selectiun and a cotivenliently
located joy-stick for t4rget designation. The control panel should be similar
to the control panels for all the other display system In the cockpit.
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11.2.5 Symbol Generator

The symbol generator accepts commands from the general purpose computer

and converts these commands into data points to be stored in the symbol memory.

The first major operation accomplished in the symbol generator is the genera-

tion and placement of alphanumeric characters and simple graphic symbols, given

a symbol code and an address from the computer. The second operation is to

generate a quadrangle area, given the four corner points. This area can be

generated in any of several crosshatch patterns. This second operation will

generally be used in a degenerate mode where the quadrangle area will be a

straight line. In the terrain following, station keeping, and terrain avoidance

modes, the quadrangle areas will be irregularly shaped and croashatched to

distinguish the terrain contours at various distances.

Both of these functions can be readily hardware-implemented. Hardware

implementation is recommehded because of the high speed of the data flow between

the symbol generator and the symbol memory. The data speeds would require

an unrealistically fast general purpose computer if the symbol generation

was all accomplished under software control.

11.2.6 Symbol Memory

The symbol memory stores the information provided by the symbol generator.

The data is then read in syncroniatxion vith the scan 4f the display. The

symbol date is combined with sensor data atd the resultitig information stream

forms the display tmage.

The dynamic simulation performed on this contract indicated that the

necessary symbol quality does not require the lull resolution of the 675 line

system. The recomended s)ybol memory size is 405 by 405 by I bits. 1his is

one quarter of the visible elements on the display. Only one bit is required

per repolutioo elemetnt, since gray slhdes are not required. Crosshatching

is used to separate areas in the terrain-follolnng and station-keeping zodes.

The sy•bol memory is a 164.000 bit random access memory. it mast be

oraanlzed to write owe bit at a ti=e, and read 45 adjacent bits at one time,

The parallel read is necessary sirce the display dev'ice uses parallel beans.
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If the information in the memory must all be changed at a 30 frame per second IC
rate, a 300 ns write-cycle time would be required. A more cost-effective

implementation would be to change the information in the memory only as

required by changes in the aircraft situation and to limit the rate of change

to 10 fra,%es per second. Under all but the most violent maneuvering conditions,

the changes in the aircraft situation in one tenth of a second are barely notice-

able on the display because the response time of the eye-brain combination is

approximately 0.1 sec. The required memory cycle time is now about 1.2 micro-

seconds. This ;remory can be implemented using low-power, very-low-cost LSI

circuits.

11.2.7 Scan Converter

The scan converter converts the incoming sensor data into a farm that is

directly acceptable to the display device. For FLIR sersors, this requires

the storage of one frame of information which is rewritten as new data arrives.

For radar, the process is similar, except that 4 coordinate convevsion (rup R-Q tCc

rectangular m•st be perfovmd before the data is stored. For line scan sensors,

the scan lites are stored in teries to form a "moving-window" type of presents- b

tion. The write-address gieeration for all sensors i- perforAad in the sjigal

procass or.

The display, device hva$ 810 by 810 visible resolutioo elements. Thrve

bits are required per elemmnt for eaig~ht shades of gray, and four bits are

tveiessary per elezent for vime to. jixteali ahades of gray,.1jhus, the

azemry size its 1.97 ailliom bits for eight shad•s of gray or 2.62 wtilim

bits for Akne or more sha~des. The. metgutr iust be organiaed so data for 4$

adjacent resollutim eleonets can% be read-out to the display lto parallej.

The hi•h batvividth of goe of the sensors (up to 23 tai) Vould r"quire a

meory write-cycle tt•e of 40 iw if only oive elsent is written at a time. A

=ore practical system xtaO "Ve some lrpiut buiffering and writla fouar el ~otens

at a time. The required cycle tim would then be 2M ns, which should be

easily tmkpemantod.
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The desired construction of this memory would be a group of LSI circuits,

using complementary MOS techtology, having 8lOx3 bits per chip. 810 of these

circuits would be required for a system with eight shades of gray. The chip-

select addressing and information routing would be done with bipolar MSI

circuits.

11.2.8 Display Electronics

The electronic subsystems d&scribed in the previous sections would,

in general, be present in a VDS system using any display device. The

DIGISPLAY driving electronics, which are unique to this example system,

are discussed in greater detail in the following sections.

11.2.8.1 Display Scanning Electronics

During the WRITE suquence the display dtvice is scanned in a TV raster mode,

The scanning and wdulation functions are performed by five piates identified

earlier In section 11.1.

tThn hotiwoptal scanning is perforaed by plate t| in conjunction with the

modulator plato. H1 h44 18 *egmant; each of which viten 0$ enables 45 Modulator
beam;. The W t.aste i ach~eved by forward hisjitg the plate seg,=nt to a

P.oeti.l Of +9... v. lts relativ to , •, .. .....t pote tia . IU the writing
"4'fk-qonly cqte of the 18 u% sfl6a-#nts is ON~ at a tiw-. The Othe% It segmet

are in the (QTr state vhi)ch coz~res $ponds to a rpAoteni4 of( -M0 vuIt6 rolative to

the fllame~ot potonttel. The poten.'tAia for the M# and OFF states itre suspplie-d
by tfrnsistor switches. T-htto switChes ai'e of( a special 4esips to sPpl h

14tte ctlQt etde s w tchivf capazity of the plate 'ogzqntts.

The e~foctit'e ZtaPAeittcs ivolVed for the vario~s plaites ind the times

4110"kd tOr -Witch iiP are shown 1sin Table 46.
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TABLE 46 VDS 810x810 SWITCHING AND MODULATOR PLATE CAPACITIES 1V
AND SWITCHING TIMES ..

NO. OF EFFECTLVE TINE TO
PLATE SEGMENTS CAPACITY pf SWITCH 4sec

MOD* 45 1340 0.45

HI1 18 1350 0. A5

V 1 9 2670 7.37

V2  9 2890 7.37

V 10 6010 7.37
t3

-The modulator plates are driven by linear modulator amplifiers with analog

gray scale signals.

The VV, V2 and V3 plates perform the vertical decoding.

The sacanning of the raster starts in the middle of the first line on the

o4d line numbered fteld and at the beginning of line two on the even line

numbered field. The o4d field ends at end of line number 809. The even field

ends at the middle of line number 810 (not shown in waveforms).

11.2.6. flisp al rn Scale WMaul-ton Klectcooic$

Conversion of the inezit, v~4oo gray scale signal data into gray shade

on the display is accoqtplished bYo the combination of a f-A convertor and a

hoar amplifier which drives each of the 45 m-dulatot plate segonts.

Digital video siptal data from the scani converter arrives on n ine tras -

mission line pairs. The data chosists of five three-hit words; each word is

tho dirtial gray shade (or- a picture element. Theo incoming data are shifted

into shift registers so that each line pair provides onve bit o~f data in serial

foro for each of fiftedn picture elemenots aod a total of 45 threo-blt words

are acctsmdated in otte 1.73 jiserc clock period of the display. Thve 45 wonrds

are thtet shifted into a hvoldintg register Wiich drives the P-A tonivertors in

-aalhtil uwhile the next 45 words ard beitig- entere4 into the sh ift r ister

The dir.ital Input iron the holdinig register consists of thle tkhreea-bit worýd.

The fl-A cenvertor cotP$'t~:opriV collectot decoder, selected teeightitg±

resi,©torst 6 a coato-ba- ;i:a~lifier stage.
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•" The decoder provides separate eutput8 for each gray shade., This aliows

weighting of the output for each gray shade to enhance the usable dynamic

range for a given number of graly steps. ,

The common-base output stage QI1 couples the weighted analog current to

the modulator amplifier input. A video gain control which is common tc a~l1

channels allows adjustmenL Of the magnitude of the analog current by adjusting

the base voltage of (ýl" A feedback amplifier converts the analog current into

an analog voltage suitable for driving the modulator plate segments. A block

diagram of the D-A converter and modulator is shown in figure67.

The display device modulator cransfer function plotted from measured data

on a 512x512 device is shown in figure 68.

The entire dynamic -ýnge occupies a AV above cathode potential of approxi-

m t e'; -.- 07. Si'nce the -- _node (filament) potential is approximately +32V above

ground, one modulator output potential dynamic range is from +32 to 4-62 volts.
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.11.2.8.3 Display Storage Electronics

The display storage electronics performs the mode sequencing to permit in-

coming video data to be written onto the storage target, the written daia to be

displayed on the phosphor during the FLOOD mode and the selective erasure of

the "old" field data prior to the writing of the next field of incoming data.

A block diagram of this electronics is shown in figure 69.

The storage sequence waveforms are shown with the system waveforms in

figure 66. These are VCE, VST and VC waveforms and FLOOD or ERASE waveforms

used to switch the Vl, V2 and V3 switches and the H, modulators. In the FLOOD

mode all beams are turned ON to display the stored data on the phosphor. The

FLOOD or ERASE signals also are used in the flood gun to control segment switch-

ing and unblanking. In the ERASE mode selective erasure of the "old" field

(even numbered lines in figure 66waveforms) is accomplished so that new data

may be written on the storage target during the upcoming even field.

The VCE waveform also shows that electrons passing through the storage mesh

duzing the ERASE mode will be repelled and will not reach the phosphor.

11.2.3.4 Display Power Supply

The display system requires a number of regulated d.c. output voltages,

some of which must "float" with respect Lo the system ground. The system also

requires some regulated d.c. output voltages which have very large output

currents but low duty cycles. In order to achieve high overall electrical

efficiency and minimum weight and size, the power supplies will be divided

.into two types:

a) A high frequency, voltage regulated a.c. inverter will provide square wave

outputs which will drive point-of-load supplies, floating supplies and

those supplies that have nearly constant loads. The a.c. inverter will

be powered by a driven switching regulator which receives its input from

a three-phase half-wave rectifier operating directly from the Y connected

400 Hz line.
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b) A 400 Hz three-phase step down transformer supply with six-phase half-wave

rectifiers which will power the flood gun electronics where the high

current, low duty cycle loads are encountered.

A block diagram of the display power system is shown in figure 70.

The HF inverter-switching regulaLor combination will be driven by a system

timing waveform which is synchronous with the display scanning rate. The inverter

frequency Is the same as the horizontal line rate

f = 1 26KHz

38.09 x 10-6

The same frequency will be used to drive the switching regilator.

By causing both the HF inverter and the switching regulator to be synchronous

with the scanning process, beats between the power and scanning frequencies will

be avoided

The 26 KHz power supply frequency is also desirable from the efficiency,

wvight, and volume standpoints. Tape cores and ferrite cores may both be used

at this frequeacy as required, with toroid tape and ferrite toroid or cup

shapes being desirable for EMI reduction.

The switching regulator d.c. input to the HF inverter will be regulated so

that the a.c. inverter output voltage will be nearly constant. The rectified

outputs of the inverter will also be nearly constant. The switching regulator

will be fold-back current-limited so that transient faults or overload will not

lead to catastrophic failure.

The various d.c. loads will be served by small transformer-rectifier

supplies with additional protective circuits as required to ensure system

reliability.

The supplies which require "floating"• outputs such as the filament supply
will require specially wound cores to minimize capacity from the output winding

to the primary or to ground.

The phosphor supply will be powered from the a.c. inverter and will employ

a multiplier to step up the secondary voltage. The phosphor supply load has a

low duty cycle. The overall load on the a.c. inverter, however, is kept nearly

constant by the fact that the filament supply is turned OFF during the FLOOD

and ERASE modes and that the control plate switches are not switching during .0

these modes.
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The step-down transformer type supply for the flood gun power requires a

three-phase transformer with center-tapped secondaries. This allows a star

connection with six-phase, half-wave rectifiers. This connection gives a very

low unfiltered ripple and permits operation of the series regulators (see

figure 70) without any ripple filter components.

The nominal load while writing is about one-eighth of the peak load during

FLOOD or ERASE modes due to the segmentation of the flood gun.

The step-down transformer and rectifier assemblies will require magnetic

shielding to minimize coupling to the display device and to other electronic

assemblies.
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APPENDIX I

PERFORMANCE ANALYSIS FOR A -W-DIMENSIONAL DISCRETE SCANNER0
i. 1 STATEMENT OF PROBLEM

Determination of the modulation transfer function for the discrete scan-

ner would greatly facilitate the design and evaluation of systems employing

the scanner in combination uith other optical and electronic components. Un-

.:rtunately the discrete scanner does not lend itself to a simple MTF analysis

c: the kind which often suffices for devices which perform spatially continuous

transformations. The basic concept of KTF analysis is the preservation, under

the transformation produced by the device, of the individual frequency compon-

ezts which comprise an input field. As a result of the transformation the

Fourier components generally experience a frequency dependent reduction of

rcJulation and a phase change, but their sinusoidal structure is otherwise un-

altered. A sampling device, such as the area scanner, transforms each Fourier

cc:ponent of a continuous input field into a sequence of discrete pulses. Each

c•crponent thus assumes a complex structure characterized by a multi-component

cr even continuous Fourier spectrum of its own.

The teczhniques of Fourier analysis are still applicable in this situation

b'.t the MTF must be generalized. The generalized transform function should be

formulated so as to be applicable to both discrete and continuously scanning

devices. In the spatial dovain, a true continuously scanning device is India-

tini-lshable fron a device like a lens, which does not scan at all. Most Clec-

tron beam devices employ a scan continuous in only one dimension. Basic

techniques of information enhancement such as aperture compensation should also

be anticipated in the formulation of the generalized transfer function.

In order to facilitate prelim4 •inary performance evaluations an approximate

MT is calculazed for the di~crato scanner in this Appendix. In the course of

the calculations the "fictitious" nature of an MTF for a discrete sampling

dt'.ico is illustrated, and an hypothetical technique is postulated which cir-

c;-'vents this difficulty by processing the output of the di.screte .4cannar.

T-is procedure leads to an estimate of the ol•timum MTF for the discrete icanner.

A concli,.ivc analysis of the comparative performance of the discrete scanner

o.2 other devics wst incC.-;arate other factors beside the frequency reslause;
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e.g., signal-to-noise ratio, contrast, total information content, and possibly

other factors which affect the fidelity of a reproduction. Discrete and quasi-

continuous scanners each appear to offer some advantage in d'sparate aspects

of their operation, and the overall performance of each relative to the other

requires very careful evaluation. For example, quasi-continuous devices have

the obvious advantage that all of the information field is saupled at the same

response level. A discrete device samples various areas in the input field

with differing response even when the beams overlap, although of course the

disparity in the response between points at one of the beam center positions

and intermediate points is- reduced as the overlap is Increased. On the other

hand, in a two-stage device which reads, transmits amd recomposes a scene at a

remote location, the discrete scanning device appears to have an inherent ad-

vantage. If the reading and writing stages are both continuous scanners, the

overall response function is the convolution of •he two individual response

functions, assuming infinite passband signal transmission. A point target in

the input is reproduced with the full width of the composite response function.

If the reading and writing stages are discrete scanners, a point target in the

input produces a signal from the reading stage which is received by the write

stage and causes the latter to write, in one of the discrete locations assumed

by its beam, a signal whose width is that of the write beam alone. The approxi-

mte T)F calculation for the discrete scanner folltws.

1.2 ANALYSIS OF KYF PERFORMANCE

It is convenient to consider first an hypothetical device which is char-

acterized by a gaussian response function and which scans continuously in both

the x and y draections. The 'nstantancous position of ttw beam is given by

x r y , as indicated in figuro 71.

y

x X
o r

FIGURE 71
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The modulation of the transformed cosine function is given, as before, by

the ratio of the amplitude of the oscillatory component to that of the d.c.

copcnent.

A1B fr CMo1 a

modulation - - M T (W).

o 02

The normalize! cosine transform of the ga.assian response function, cal-

culated from EquaLion (7) is

e -2 /4o2 (12

Each cosine component of the initial input field which is oriented like

the sample component which has been considered 1%roduces an analagous result.

Equa:ion (12) thus represents the frequency dependence of the modification

or t!e modulation for all frequency components oriented with their maxima paral-

lel to the y-axis. The aodulation transfer function should he calkulated by

averaging this functio-n over 411 pos6ible otieto•tO.s. But this averaging

process is often omitted -4 t•h•s praccice is folbged here. Then Equation

(12) reprs~ents the Xr'V for t•e hypothetical continuovus scanntg 4evice.

Thrntng now to Conitadetation of tht dtscrirtffty Scaotwng area device, vt

c~onsider the triftetotAtiaon e.C the saue ~~otriaqtseswcy cZ*O~iofot,

o 1

rth instaotatwoua response function is also vnchangod:

&ut the beac itov adviAnces iW discrete steps of letgth 6xi in the x-di~cctto-n

Gand ý4y in the v-diroc'tion. In the process the Closest -approach vthkh the beea

ma-ke; to tke bAr pattern refentcte position, x 0 isa Ax.

it can bDe shown that the sigonal produced by the Ctscreeely scennft4 be**

Is given by

S 5rc a + mIt6X rVUk.' q&% - ti-tx (13)
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Here s c(A1x 0+ mA-x, nAy) is the function previously calculated for the

c'vnxinuous scan. (The subscript c becomes d in s d(Eý to denote the change

from a continuous to a discrete scan.) 0(-t - minx, _Y1- nAy) is i he two

dlnnsional Dirac delta function. It is equivalent to s6g-AX, - mtx6(jciy)

A typical example of th&7 relationship between sr - and sr(T is shown

(in one dimension) in figure 72. This example corresponds to a more general in-

put than a single cosine wave.

EIG;URE 72

Upou subicitutionof ae ( Wj)ito iýqiition (13) inS4 czarrying out the

ir.4tcatod opetrationa the result is

A : + A, 8 D0 ctý &

Mhe sipta~l is a a lueice of sharp pulses ~o~titj1td by a cctsitw Wva~e trittt

the sat~e frequancy as t~eia lu *Vae, the 0o4u1lationl of vhItch has U40e41 too te&

by the sa4te flactor, e as for t,'ie case of the coatinuous scan. The co-

.Sirs uav'O has not bent preete andt hee'% ItTivvt oi-4inteuul sea

Inf&gurt 73 2several nxampdos of !S (Ld) are slvwvn, Since the factoc

A2OCCuar's in 4 (#) we ll s t rcL~). the disecrte 'scan modut-atinin cat%

tw's-et ncetd that ass-scbý-ted withý the cntiv ou~s Bicah. in order to si~t

ttz =,,ia&ua possible rwti~on of the coflti;.wous scan NT4T t~ith the VSe of a

d~cetZ.cazs, cifect!ý, constdezr thep folloving sclhease. rlosttnlate the cxisteoce

o1 a, device whiich cant separate 'the imidivi4vAl f rec;1netc compn~rents in thve CV-oPi ite
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signals into pulse trains such as those shown in the individual parts of figure

73. This device must also be able to determine the frequency of the cosine wave

envelope of each such train of pulses by counting the number of times per second

that the signal changes from positive to negative and vice versa. Moreover it must

measure the height of the maximum pulse in the positive and negative half of

each cycle. If it associates a cosine wave with each frequency it senses these

waves will display a reduction in modulation corresponding to the mismatch Af

the sacpling positions which produce the peak pulses with the maxima of the

respective cosine waves. An l.aF calculation based on thi-se considerations

was used. It employed only information which is uctually cor.caiued in the

pulse trains. A physical real 4 -ation of the scheme might; be di!ficult or

even Th_;ossible. The calculation yields an estimate of the, minim= deteri-

oratio. of the MTF which w•uld occur if the frequency and peak amplitude in-

formacian could be fully utilized.

A graphical procedure Was used to make calculations based on this sche--.

A number of cycles of a cosine wave were plotted and the amplitude sead off

of the wave at a sequence of positions separated by 4\. end oegiwdong at a

given 4x. The peak asjlItudea were averaged. x was thon scaled to torte- )
apond to a wave of different frequencw' &ad the procens repeated, over and over

again for a sequence of frequencies. In each case the steps were carried over

enou3h cycles so that the process ended at the sawe phase angle at which it

started. h•Ms corresponds to the processing device averaging the peak ampli-

tude ovwr a large uumber of complete cycles. Calculations were actually made

at fre;uencies where the step size was comeosurate with a small number (less

than 10) whole cycles.

The results are presented in fgureo ?4. A few words of expLsuatioi will

facilitate interpretaticn of the figure.

I!
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The response function for the device was given as br(•,V) - Be' ((_ .)2

+ (71-ri) . This function has a half-width Y ,, __

1.0 2
e

0.5

0

- * FIGURE 75

The .TF for the continuously scanning device was given by the gaussian function2
e" /4&2. The halfwidth of this function is r = 2o•-W . Thus the halfwidths

of the two functions are related as follows:

"r 2 1tn 2 1.386

Y Y

By the time the frequency has reached double this value the continuous

scan MTF has dropped to so low a value as to be of little further interest.

Moreoverj the whole scheme fails for frequencies beyond about 2X' because the

corresponding cosine waves are no longer sampled at least once during each

half-cycle. The frequency range of interest can therefore be expressed con-

veniently in units of L/Y. The period of a given cosine component is of

course given by P - 2aW

A scan was chosen for the calculation

I lin which the scan step was equal to

two times the half-width of the response

function.
FIGURE 76

Note that the minimum separation, Axo, of some one of the beam positions

from the zero phase position of a given frequency component cannot exceed AX/2

or P/21 whichever is smaller.
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In figure 74 the continuous scan HTF (ew2 2) is drawn as a solid line,

curve I. The uppermost dotted line, curve 2 represents the pseudo-MTF for a

discrete scan with Ax - 2y and Ax always equal to zero; i.e., with exact0

registration of at least one beam position with the zero phase position for

each frequency component. This situation, which obviously cannot be realized

in general, produces maximum modulation. In particular, when Ax - P/2n

or w - wAx/n where n is an integer, the scanning beam hits each maximum and

minir-um of every frequency component. In this case there is no reduction

of mocdulation relative to the continuous case, and sharp peaks occur on the

curve.

7be lower dotted line, curve 3, corresponds to a discrete scan with

A x - 2 y and maximum Ax for each frequency component. It represents the
0

worst possible case and, as before, this extreme is not physically possible

(or at least extr.&ely unlikely). When s a w/nAx with ma•ximum as the

maxi-.tm reduction in the modulation occurs, and sharp valleys occur on the

cur%!.Forw- /Axandax Xcuri'c. For ci- w/Ax and x0 .-i-, all of the sampling points are at the

toroas of the corresponding cosine wave and the MTF plunges to zeo. Curves

4 and 5 are similar to curves 2 and 3 but they represent the case whore

dx - 4 Y.

Any real case corresponds to a distribution of &x% between zero and the

eaxl== value it con attain, and will yield an HTF falling somewhere between

"the r-xisum and minimum response curves for each case.

The curves in figure 74 arc plotted to teoas of the parameter fly and are

valid for any beam half-width y a long aS A• A 2y, or Ax 4 r.y.
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APPENDIX A3

THE DIGISPLAY FLAT PANEL DISPLAY TUBE

The DIGISPLAY is a unique, flat panel, digitally addressed electron beam

display which has been developed by Northrop for military and commercial

applications. Its uniqueness is illustrated in figure 77 where it is

pictorially compared with a conventional CRT. The DIGISPLAY utilizes an areal

electron source followed by a series of very thin, apertured, control plates

which are aligned and act collectively to generate a scanning electron beam.

The instantaneous position of the beam is determined by digital addressing

signals applied to patterned electrodes on the control plates. By switching

the plate voltages sequentially, an electron beam scanning pattern is achieved.

Inherent features of the DIGISPLAY, which are in sharp contrast with a

conventional CRT, include flat configuration, digital address, and fixed

linearity and registration.

Other important advantages of the DIGISPLAY include multiple beam and

pseudorandom scanning capability. Multiple beam scanning can be used to

increase beam dwell time and thereby achieve high screen brightness at reduced
input power levels. Pseudorandom scan allows a reduction in frame rate with-

out the presence of noticeable flicker. It can als6 provide spatial coding

(scrambling) for secure information transmission without an increase in band-
width. In addition, the digital nature of the DIGISPLAY permits handling of

input signals directly from digital equipment such as computers, data processors,

magnetic recorders, data links, and memory units, with a minimum of interface

equipment.

r A storage DIGISPLAY, which is similar to a direct view storage tube, will

be emphasized for the VDS system. The primary advantage of a storage DIGISPLAY

over its nonstorage counterpart is a dramatic increase in display brightness

capability. High brightness capability is of ronsiderable importance to the

VDS display subsystem because of the high probability that the display will be

viewed under high ambient illumination conditions.

Addition of storage to the DIGISPLAY is inherently much simpler than the

addition of storage to the CRT. Figure 78 illustrates themesh storage CRT

and the mesh storage DIGISPLAY design configurations. The direct view storage

A3_1
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CRT configuration requires several electron guns, a much large- envelope, and

a complex collimating system. In contrast, the storage DIGISPLAY does not

require additional guns, a complex collimating system, or a significantly

larger envelope.

DIGISPLAY PRINCIPLES OF OPERATION

The digital electron beam scan iF unique to Northrop's DIGISPLAY and is

responsible for many of its advantages over other display techniques. The

digital scan is accomplished by a series of thin, electroded control plates

to which digital addressing signals are applied. Figure 79 is an exploded

view of a simplified DIGISPLAY having only 64 resolution elements and showing

the location of the control plates relative to the other essential compo-

nents. For descriptive simplicity the DIGISPLAY illustrated in figure 79 is

etlectroded with half-splitting (2 leads per plate) binary patt.rns, and is

shown 2nly to permit the explanation of the DIGISPLAY operating concepts in

simplest terms. In actual working displays, however, multilead electroding

* patterns are used to combine.the functirm of several of the plates shown in

* the figure, so that fewer plates are required for complete decoding.

The operation of the simplified DIGUMP1AY of figure 79 is as follows.

Electrons travel from the areal cathode through a series of apertured plates
(decoding plates and modulation plate) to the phosphor target. Each plate is

conatructed from an Inexpensive glass substrate and contain* a- 4rray of

channels through which the electrons flov. The front and back surfaces of

each plate are coated vith conductive electrode patterns vhLeh connect groups

of channels according to a predeterained coding scheme. These plates act

collectively to cut off electron flow so that sintle or multiple electron

Sbesam eaerge from tho lost plate at discrete poe.itions determined by the

digital addressing signals applied and the actual electrode coding utilized.

The scanning beam or beam then write infotrmtion on a phosphor (or storage)

target whereupon it can be viewed through the faceplate.

Potentials are applied to the electrodes of each plato such that half the

chaNnels have an electron accelerating potential and half have an electron

retarding poteatial. In the first decoding plate, the 32 channels in the

A3-4
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left half of the plate have a positive potential appllied to them so the elec-

trons rome through; the 32 chant.els in the right half of. the plate have a

negative potential which causes the electron trajectories to reverse and thus

produce beam cutoff. The electrode pattern on the second plate is identical

to that of the first except for a 900 rotation. Electrons coming out of the

32 channels in the left half of the first plate enter the corresponding

channels in the second plate. Since the channels in the lower half of this

plate are biased off, electrons emerge only from the 16 channels in the upper

left quadrant and proceed to the third plate. In the third plate, the eight

channels in the right half of the quadrant are biased off so that the electron

flow is bizected down to eight elements "on." As can be seen in figure 79,

this selective bisection process continues in the following plates until only

a single beam emerges from the final plate - in this case, in the upper left

corner. The position of this beam can be changed simply by reversing the

polarity of the potential on one or more plates with an electronic switch.

To illustrate, suppose one wants the beam to scan in a linear raster mode.

Starting with the plate potentials as shown in figure 79, the flip-flop cir-

cuit driving plate No. 5 would be switched, causing the two electron beams

emerging from this plate to move from the first coldmn of channels to the

second. The lower electron beam is stopped, as before, in the last plate and

the emerging beam moves one position to the right. To switch the beam another

position to the right, plate No. 3 and plate No. 5 are switched simultaneously.

Continued switching of the appropriate plates will cause the beam to scan out

the entire frame in a linear raster mode. It should be noted that the beam

can be made to scan in a nonlinear or pseudorandom mode just as easily as a

linear mode by changing the plate switching sequence.

Conventional CRT displays normally contain only a single electron gun

and therefore have only a single electron beam for writing the information on

the phosphor. The DIGISPLAY, however, can have as many electron beams as

there are channel holt in each plate (and this limit is actually approached

in storage DIGISPLAY operation). In a single beam DIGISPLAY, all but the one

desired beam are cut off by the decoding plates. In figure 80, a 4-beam

scanning mode is illustrated. Plates No. I and 2, 01s shown in figure 79,

have been removed. The modulation plate is segmented into four quadrants so

A3-6
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that separate video information can be written by each beam. Note that for a

given frame rate, the dwell time of each scanning beam is four times longer in
a4-beam scanner than Ica a single beam scanner, thus bombarding each phosphor

element with four times as many electrons per frame, leading to a corresponding
increase in display brightness.

The DIGISPLAY shown in figure 79, for reasons of simplicity, has binary
half-splitting decoding plates. It ha's been found in tactual practice, however,

that other decoding schemes are more efficient than the simple two leads per

plate technique shown in the figure. These decoding schemes involve the
"Ocombining" of two or more decoding patterns on one plate. However, as platesI are "combined," the total number of leads will generally Increase. The
advantage of th.a reduction of the number of plates must therefore be compared
vith the &dded complexity of additional leads and switching circuitry to obtain

an optimwo conf 4uration. It should also be noted that as more plates are
combined, the areas of the individual switching elements are reduced. thereby

* reducing the capacitive load and hence switching power. and also Increasing
the maxtmun possible beam stepping rate. It way be readily seen that for

I ~large displays consisting of many resolution eleamets (channel holes) , theI waulttleading technique becomes very banef icial * A onuber of DIGISPIAYs have
* been designed, fabricated, and tosted using, this principle. For example, a

5120312 DIQISPLAY has recoatly beein successfully demonstrated using o.ly four
plates (three decodinag and one modulation).

t SOMOE DXI$LA

to say self -luminous, scanned displayo such as the CR?, the brightness
of the display is inversely proportional to its site, all other parameters
being beld constant. This decrease to brightness with Increasiag display site
is due either to a decrease it scanning spot density of to a decrease in spot
due'1 time. With nolt CAT displays only three alternatives att available to
alleviate this low brightness situation: em Increase of the scarning beaa
current density, an iftrease of the phosphor potential, or the IncQrpotation

ofa direct-view. storage target. With the DIGISPLAY the first alternative
Ls extremely u~nttractive because of the V~naltiee incurred as a result of its

&.3-8 IS2M 72-2B4.



large-area flood gun. The second alternative is only slightly attractive be-

cause only a moderate increase in brightness can be expected without running

into difficulties incurred by exceszively high phosphor potentials. Fortunately,

however, the DIGISPIAY is especially well suited to direct-view storage since

a necessary component of a storage display, the flood gun, is inherent to the

DICISPLAY configuration. Furthermore, direct--.-tew storage affords orders of

magnitude increases in display brightness due to the effectively long dwell

times resulting from flood operation. Preliminary experiments with storage in
DIGISPIAY have verified this fact.

Storage is very difficult and expensive to implement in a CRT because

of the problems of maintaining linearity and gozd focus of the writing gun

while at the same time adding a flood gun which operates In a defoctsed

condition. In contrast, storage is relatively easy to implament in the

DIGISPIAY as illustrated by figure 81. In addition to the usual nonstorage

DIGISPIAY couponents, a storage DIGISPLAY requires the inc~ision of only a

collector plate, a storage target, and a contrast ec.hancement plate (optional).

both the collector and contrast enhancement plates are similar to the de-

coding plates with the one exception that they have no decoding conductor

C pattern. Cousequently the eutire stack, fro= the Input buffer to the constrast

enhancement plate, is typically 0.100 - to 0.150-inch thick. The storage

target itself is merely a wetal rash coated on the electron Input side with a

dielectric mterial having good secondary electron emission (SEE) character-

Ietica (yield of unity at 40 volta and yield of 2 - 3 at several hundred

volts of priAary energy). Si~le experiments have ndticated that the

#torate meoh itself may potsibly be replaced by a modif led aperture plate

coated with SEE material.

The actual method of storage DiGISftAY opeuation• is discussed below for

each of the three required adode - erase., writ. and flood.

1) Erase - The decoding plates are operated in the "all holes Wk' condition

with between 0 and 40 volta accelerating potential on the metal storage

Muh. The SE yield is then less than unity, and the surface of the

dielectric material on the mesh ts charged negative, erasing any infor-

tim (positive charge) previously written on the nesh. Typical erase

times are approximately 100 tLses the write time. Durtng the erase time,

"A3-9
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SWITCHING
maSTACK METAL MESH

SCREENCONTRAST
I/ ENHANCEMENT PLATE
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INPUT
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RGU~ 61rYPCALSTOAGED1GISPLAY CONFIGURATION (EXPLODED VIEW)
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* the contrast enhancement plate is biased below cathode potential to

prevent the electron beams from striking the phosphor, thus preventing

loss of contrast caused by illuminating the phosphor with the erase

beams.

2) Write - In the write time interval, the decoding plates are scanned

through one frame (or one-half frame when interlaced) of information

in the same manner as in a nonsforage DIGISPLAY, including modulation

to provide gray scale. The metal backing mesh of the storage target

is elevated to several hundred volts above cathode potential, so that

the scanned and modulated electron beams striking the dielectric layer

cause it to charge positive due to the SEE ratio of > 1. The secondary

electrons generated in writing the information on the storage dielectric

material are. absorbed on the collector plate, which is held at a potential

somewhat above that of the mesh itself. The amount of positive charge

thus written on the dielectric surface, for eich resolution element, is

dependent on the incident beam current and the (write) time this current

is allowed to strike the dielectric. Commercially available storage

C targets typically require a charge density of approximately 108 coulombs/

square inch to write the target to 80% of full brightness.

3) Uf2lt.- Vith one frame of informatioo written on the dielectric urrface

of the storage target , the decoding stack is again switched to "all holes

OW. as in the erase mode , However. the metal backing mesh of the storage

target is new set at or near cathode potentiAl, such that:

a) Areas which are charged copletely p-Oitive during the write cyccte

transmit electrons to the phosphor.

b) Areas which are not positively charged repel electrons back to the

collector plate.

c) Areas which ate charged less positive than in case (a) due to

modulation during writing, transmit fewer electroes than in

case (a) and retain tht written gray scale. 4
The length of the flood cycle relative to the write cycle determines the

ASbrIhtnas of the display. The vmxi=m flood tine possible is limited by the

is.+
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length of time the stored charge will remain on the dielectric surface, and

by the upper time required by system requirements. Storage times of as long

as 15 minutes have been demonstrated.

The storage PTGISPLAY should have the following advantages over a direct

view storage CRT:

a) An inherently simpler design with only one gun, no ion repeller, and no

complex collimating system which should result in a lower manufacturing

cost.

b) Much smaller in size, lighter in weight, and more rugged construction.

c) Storage time should be inherently longer since ion bombardment should

be minimized by the presence of scanning plates.

d) Selective write and erase should be easier to implement.

e) Uniformity and registration are not hampered by off-axis guns.

f) Very fast erase.

g) No screen "flash" during erase, resulting in higher contrast.

h) Plus all the normal advantages of a DIGISPLAY over a CRT, which include:I Superior registration because the electron beams are physically

€cnfined by accurately placed channels in the scanning plates.

a Digital address signal 0h1ch is directly compatible with a computer

interface, resulting in consideroble savings In addressing circuitry.

s Random scan capabtlirl - unlike the CUT, the time required to svitch

the beam position in the DIMISPLAY is virtually independent of the

distance the beau Is moved.

$ nlat panel contructou the total depth of the DIGISLAY is

approxUlmately 2 incies.

* Stray-flaid independencet- DICISPLAY parformaece Is relatIvely un-

affected by Wtray l"teric and mainetic fields,.

A43-1 2
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* Multibeam feature - the multibeam feature of the DIGISPLAY offers

several advantages over the conventional writing techniques

utilizing only a single beam and is much easier and less expensive

to imp ement than in a CRT. Greater dispiay brightness can be

achie ed with multiple beam scanning.

Ii
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APPENDIX A4

LEAD CAPACITANCE DUE TO INTER-PLATE GAP SPACING

One of the three major contributors to the lead capacitance of DIGISPLAY

decoding or modulator plates is the inter-plate gap capacitance resulting from

the presence of adjacent plates on either side of the plate under consideration.

The situation is illustrated in figure 82, which shows two DIGISPLAY plates in '

cross-section and separated by a spacer of thickness X and mean dielectric
5

constant K . The inter-plate gap capacitance is then defined as the cumulative

sum of the capacitances between a single thin-film conductor finger of width A,

the two co-planar thin-film conductors spaced to either side by gaps of width G,

and the single thin-film conductor on the adjacent plate.

In determining only the inter-plate gap component of the lead capacitance

we will assume in this appendix that the electric field displacement is totally

confined to the inter-plate spacer region of mean dielectric constant K . This
S.

assumption readily leads to a solution such as given by Wolfe* as his case 9.cFollowing Wolfe we have that the inter-plate gap capacitance per unit length is

C K(k)t "2Ks0 ) f
2 s'OK(k')

where K(k) is the complete elliptic integral of the first kind for modulus k.

. The moduli k and k' are (again following Wolfe)

k '
31 Tr (A + 2G)

tanh

S- 4X .

The inter-plate gap capacitance itself is then obtained from the product of

the above equatiin and the effective length of the thin-film conductor finger

under consideration. If S is the distance between adjacent holes in a DIGISPLAY

plate and if the f inger is KL holes Ion$, then this capacitance is

c, 2 K ,o SL
0K(k') .

Sart the moduli k and k' are as before.

'Volfe*, P.N., "Capaýitance Calculations for Several Simple Two-Dimensional
"Geomtrtes,' r ings of the IRE, October 1962.
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APPENDIX A5

LEAD CAPACITANCE DUE TO INTRA-PLATE GAP SPACING

Another of the three major contributors to the lead capacitance of DIGISPLAY

decoding or modulator plates is the intra-plate gap capacitance resulting from

the presence of thin-film conductors on both sides of the plate. Note that the

intra-plate gap capacitance is internal to the plate under consideration and

should not be confused with the inter-plate gap capacitance (see Appendix A4)

which is external. Figure 83 illustrates the situation. A is the width of

the thin-film conductor finger and G is the width of the gaps between this

finger and its coplanar neighbors as in Appendix A4. The thickness of the

plate is X and its dielectric constant is K
p p

We will assume this time that the electric field displacement is totally

confined to the plate dielectric itself so as to avoid any interaction with the

inter-plate gap capacitance determined in Appendix A4. Also, because each

conductor on the upper surface of the plate is electrically connected to its

corresponding conductor on the lower, we have that the normal derivative of the

. ,potential vanishes along the plate's horizontal center-line (a Neumann boundary)

shown in figure 83. Hence, the problem can be divided in half to give the
geometry shown in figure 84a. The problem can be further divided if we assu-e

that the potential on the right-hand conductor is the same as that on the left.

Then by symmetry we have an equipotential (a Dirichlet boundary) down the plate's

vertical center-line yielding the geometry shown in figure 84b.

The capacitance of a similar although not identical geometry has been acalyzed

by Wolfe*. Wolfe's gcometry (case 7) is illustrated in figure 85a and has the

solution

C7 1 K _ __

S- (2 K(k)

where K(k) is the complete elliptic integral of the first kind for modulus k

and the moduli are

*Wolfe, P.N., "Capacitance Calculations for Several Simpl-e Two-Dimensional

Geometries," Proceedings ofthe-IRE, October 1962.
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tanh 
PT '

tanh T, p I

Note that the main difference between Wolfe's geometry and the geometry of

figure 84b is the presence of the right angle bend in the center conductor

and the considerably wider extent of the other. Since it is not known how to

account for the bend, the bend's presence will be ignored by assuming that the

center conductor is unbent and of width A as before. This obviously is an

approximation to the actual case.

The effect of the wider left-hand conductor can be treated, however, if

we employ a little sleight of hand. The vliution 'for two coplanar but isolated

strips, one of width A and the other infinite, as shown in figure 85b is

known*

iCnfinite 2
S0 K (k)

where the moduli are now

k G ~1/2

ki"k

From the same source we also have that the capacitance per unit length between

two finite strips of width A (see figure 85c) is

Cf

2•0 K(k)

where the moduli are now

k

*Sao the American Institute of Physics Handbook.
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Note that Wolfe's case 7 solution converges to this last solution if K is

assumed to be unity and X is made infinite as it shonld.

By analogy then the approximate solution to the simplified geometry of

figure 84b would be

C
K

2 p ~ k

where the new moduli are

1/2

-tanh 2

11/2

~ 1 -k2

The intra-plate gap capacitance itself is then obtained from the product

of the above equation and the effective length of the thin-film 'Conductor finger

under consideration. With S the distance between adJacent holes In a DIGISPLAY

plate and KL the length of the f inger in terms of number of holee, the intra-

plate gap capacitance is

Cp Kp t0KOk) (SKI.)

where the moduli k and k' are as above.

II
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APPENDIX A6

INTRA-PLATE HOLE CAPACITANCE

Each DIGISPLAY plate consists of an ordered two-dimensional array of

approximately cylindrical holes. On one or both sides of each plate, vacuum

deposited electrodes interconnect groups of these cylindrical holes such that

electrical conditions conducive to electron multiplication gain may be imposed

across one group while electrical conditions inhibitive to gain are imposed

across tht other. In switching the plte such that first one group of channel

holes are ON and then the othFri the capacitance between the two channel hole

groups becomes of importance.

This capaz-!rance -ay be nnae.iualiv Lermined if a few teasonabl,

approximations are allowed. For example, in the following analysis we shall

consider only those channeO, holes imdiately adjacent to a single straight

electrode boundary. Furthermormx, ire shall consider these channel holes as

being cylindrical in shapt and infinite in length (i.e., end effects will be

neglected). Hence, we shall determine the capacitance per unit length between

L two co-parallel linear arrays of cylinders.

An exact solution to this problem is quite diffi-ult to obtain. However,

similar problems can be found which have been previously solved by those with

Considerable expertise in handling electrc.tatic field situations. One such

stailer problem may be found in the text by Rawo, Whinnery, and Van Duzer.*

'to this text the interelectrode capacitances of a parallel plane triode are

daritvd subjecw to a few basic assumptions. Although at least one of these

as•umptions will be found slightly invalid for our situation, we vwll ignore

this fact sintc we have tlready made a somewhat questionable asstmption in

neglecting the end effects of firite-length cylinders. We will sit.arize this

Sttexelectrode capacitance analysis in the following paragraphs and will sub-

""equently illustrate how this atialysis can be applied to our particular problem.

Consider first rae idealized triode with plane cathode, plane anode, and

a grtd of parallel wires as sketched iU figure 86a. With the coordinates

*Ramo, S., Vhifnery, J. R., anu Vaa Duzer, T., Fields and Wayes 0i Co---Mnicat ons
Blectronics, John Wiley and Sons, Inc., New York (1965) p. 318-321.
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and dimensions as shown in this figure, this two-dimensional problem may be
transformed to that of figure 86b by the complex function:

Z - exp -2_Z exp - ) exp j '

This transformation bends the whole triode assembly about a point just out-

side of the anode such that each grid wire is bent around such that they all

map into the same cylindrical shape whrose center is located at Z' - 1. If

we h:ave N grid wires, the transformation will result in N geometries such as

shown in figure 86b each mapped one on top of the other. In what follows we

shall consider only one .nf these identical geometries.

In the transformed figure, the anode and cathode have become coaxial
S¢:ylinders of radii ra and r. respectively, and each of the grid wires has

transformed into a single nearly-circular cylindrical figure centered at Z' 1.

This transformed grid figure may be approxi•atcd well enough by a circle of

radius b where

0f it is oss~ued that the grid Spacing $ is at least five times the grid radius

. Thl# assumptio is generally very good for most grid structvres in vacuum

tubes, but is only fait in our case where the grid wires wIll represent channel

thw'la which are ty'ically spaced (ceaer-to-center) at distance only four

Mttw the ch.a~nl radius,

The problem in the V plaoe may now be solved by utilizing a sries of

" line iages. 'etually for typical triode dieansions, the grid-to-cathode

distance dk and the grid-to-ano4e distance d are large relative to the grid
9ks

spacit•g S. f we aa• s e that this it so, then the transformed cathode radius r

will be very targs" ard the tronaforeed anodt radius ra will be very smal, so

that the tranatorwed arode may be considered a Ltne charge and a siagle b"gSing

V- of this An thw teansored grid .ylioder may be sufficient. This bmige is at a

.dRtiAn t ftot thw center of the grid wire so that the three line charges of

CoAC*rn sro WWv the anode •nage q at the Otigin, the tuage 'CarIge -ql at

b' e i-b and the grid charge q1 + q. at 7-" 1. (The choice of the last

value ia ext so that the net charge oan the grid vire is q2 .) The Pot""t.l

itald produced by these three line chargea is then
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" 2 q In r - lIn r 2 + (q + 2 ln r 3 + A

where K is the dielectric constant of the medium, r1, r2 9 and r 3 are the distances

from the arbitrary point in space at which the potential is desired to the line
charges q1, -ql, aiid.ql + q2, respectively, and A is an arbitrary constant

dependent on the potential zero reference.

Since rk' has been assumed to be large, the. potential on the cathode =ay

be approximated by letting

r = r 2 i r3 r
1 2 3 k

whereupon the cathode potential becomes

I (q + q2 )nr' + A

ince the ra' has been assumed to be small, the potential at t•.e 4node

may bv approximated by considering only the line charge q, on the axis wnereupon

the anode potential becomes

a " I In r'+ A

The potential on the grid m~y now be found by chtosing sooe point sech as

Z' - b on the grid wire for evaluating the potential which yields

In (1~ -b) In lb (I-b) + (q + j) lab + A

-..L. ..- % In b + A

The constant A say be determtied by coastdeting a&ny of the three elect.-e,.

sty the cathode, As the tero referentce whereupon thCh three potacneail b'coe

0

-q ...[..(.) •q 2 . .J

2uK.* f 1rk' +. q2  .(k)

4t.
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The last two potential equations can now be solved for the line charges ql

_ and q2 either by direct substitution or, as a more general approach, by matrix

inversion methods. When this is done we have

* i(i) - nr'

4a ln -b' g.l(- k

-- o' \aI 2
q , I Irk / rk' In /2 .1r a' / \~ /

Inverse transformation of this result back into the ? plane then yields a

somewhat similar looking result

d kg 1 dr
- ( n2sn-h

S. Is T S a~ ( S js/= F I -'L[ •in (2 sin - ) (I
dl d

S~q2 S _S.....

" - :1K 
i0 SS 2v

Now if we consider an equivalent circuit cl the triode consisting of chree

interconnected electrode capacitances, CgaI C kg and Ck& and then write the

expres ions for the total charge on the anode, NlI ead the total charge on the

grUd, q2 ve obtain

. (Ck + 3,&)a + (,.),g

. (.Cs) 0. + (CS + Cg.) 'OS
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Equating like terms in these expressions with those In the prnvious expres-

sions then results in equations for the equiv&lent interelectrode capacitances,

i.e.,

N 2 In 2 sin

ka - 4 '1 (

C - - d r d 1  r IL.) k2 1

S S 21T. n 2 sin ) -

Ckd d ( rrid 1  2
ka -kf ln2sn M2

Kt S s 2n"

_:a _J "V 2 sink~/
-K(0 s •S 2a I Sin s l

We now have analytical expressions for the three interelectrode capacitances

(per unit length) of a parallel plane triode. To use these expresaions to

calculate the capacitance between two parallel linear arrays of cylinders, ,

we shall now mpve the cathode electrode far away from both the grid and the

anode such that both dka and dkg approach infinity. Note that thii is sllhmed -

under the assumptions previoucly stated. With the cathode at 1nfinity, we now

have the situation of a grid which is co-parallel with a planar conductor,

exactly one-half of our two co-parallel linear arrays of cylinders problem

since by y=ametry we will have a planar equipotential (Dirichlet boundary)

sidway between the two arrays.

When we let both dk• and dka approach Infinity, our first two ,haterelectrode

capacitance equations, those for a and Ck, both go to zero as they intuitively

should. Tht third equation, however, which gives the capacitance between the

grid snd the anode, becoms graatly sioplified yielding

S°"~g ÷S .L...C.. -'...
NN
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The capacitance per unit length between two co-parallel linear arrays of

cylinders can then be immediately written as

C 0K~

d i n 2 i rr

S iTr

where N is the number of cylinders of radius r in each array, S is the cylinder

lattice spacing, d is the array spacing, and K is the dielectric constant of the

intervening medium.

In DIGIS'LAY plates the lattice spacing S and the array spacing d are

typically the same. When this is the case, the capacitance between the two

arrays of holes can be written as

C NK
h o __ _

for d S
• 1 - n(2 sin -2)

If the length of eachý hole is Xp, the thickness of a plate, and if the

number of holes along the edge of the thin-film conductor finger is N YL

then the intra-plate hole capacitance may be written as

-' 0;. Ch D-.I sn2
I -ln 2sin

whOare D 2r is the diameter of each hole.
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APPENDIX A7

PHOSPHOR LIFE CONSIDERATIONS IN HIGH BRIGHTNESS APPLICATIONS

In multiple-beam or particularly in direct view storage display tubes

operattng at high brightness levels, phosphor deterioration due to either thermal

burn or electronic aging may be a significant consideration which must not be

neglected. In such situations it is important to utilize a phosphor which is

characterized by high resistance to both thermal burn and electronic aging as

well as by high luminous efficiency. Table 47 lists a number of phosphors

which pre potential candidates for such a situation.

T7ermal burn is a deterioration of a phosphor's conversion efficiency

resulting from chemical changes produced by excessive heat. Most standard

phosphors (those for which a P number has been assigned by JEDEC) exhibit an

average resistance to thermal burn. According to Bell the P15 and P31 phos-

phors are very resistant to thermal burn whereas the P12, P16, P19, P26, and

P33 phosphors burn easily especially so for the P33. All of the other standard

phosphors which include most of the high brightness phosphors listed in Table 13

S( are moderate in burn resistance.

The thermal burn ranking given by Bell is wholly qualitative. No reference

has been found that would indicate the quantttative thermal burn resistance of
2various phosphors. One reference indicated, however, that under dc excitation,

most aluminized phosphors can withstand a power density of up to 0.6 watts/cm2

with no evidence of thermal burn. At a power density of over 1.5 watts/cm2 the

phosphor screen and the aluminum backing were found to volatilize.
3 6

A second reference indicates that peak power densities as high as 10 watts
& per square centimeter have been achieved in projection tubes operating at 50 KV

accelerating potential. This is obviously a low duty cycle condition as opposed

to the 100 percent duty cycle discussed above and no reference is made as to

phosphor life or faceplate cooling, if any.

'R A. Bell, "Principles of Cathode Ray Tubes, Phosphors, and High-Speed
Oscillography," Hewlett-Packard Application Note 115.

2A. Pfahnl, "Aging of Electronic Phosphors in Cathode Ray Tubes," Proc. 5th
National Conf. on Tube Techniques (1961).S3 .
P. Seats, "The Cathode Ray Tube - A Review of Current Technology and Future
Trends," IEEE Trans. Elactron Devices, Vol. ED-18, No. 9, September 1971.
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4b

An analysis of the temperature rise of a phosphor screen due to absorption
4

of the kenetic energy of the electron beam has been performed by Elliott buttth
even this analysis fails to quantitatively determine the expected life times of

various phosphors due to thermal burn. It merely determines the temperature

rise without regard as to whether or not a particular phosphor can withstand

that temperature rise. Elliott doe. make the comment, howee.yr, that a tempera-

ture riso of 500 degrees C would seem to be a prudent limit.

Electr-mnic aging is an entirely different subject. Electronic aging (some-

times called tiFctrQ;ac fatigue or burn) is deterioration of the phosphor's

conversion effitciency resulting from crystalline changes due to electron

bowhbardment. Alt,'Lgh the exact mechanism of electronic aging is not well

understood, it is usually assumed to be the result of either an increased

probability oZ radiationless transitions through the creation of new recombina-

tion centers o- -he deactivation of an activator center by changing its state

of ionization. Unlike thermal burn which can be prevented by adequate cooling,

electronic aging is unavoidable. The best orte can do is to slow the aging

process by ocrAting at lower current eensity levels or at a lower duty cycle.

It haa bhee shown by several authors5,6 that electronic aging data for

phosphors can be represented, to a first approximatioh, by

I
1 0

I +

where I is the initial unaged intensity cf t luminescence, N is the cumulative

charge deposited per unit area, ant C is a constant of the phosphor called its

burn parameter, ThA burn parameter is a measure Lf the rate of destruction of

the luminance. The reciprocal of the burn parameter is sometimse called the

4W. R. Elliott, i•imitations on High Energy Cathode Rka Tube Ieamas with Regard
to Phosphor Life," Proc. 6th National Symposium, Society for Information Display.

W . Hanle and K. H. Rau, 'Light Efficiency and Burn of Phosphors under Electron
and ton Excitation," Z. Phys., Vol. 133 (1952).
K. H. J. Rottgardt, "Destruction of the Luminescence of the Cathode Ray Tube

Screens by Electrons," Z. Angew, Phys., Vol. 6 (1954).

SA7-3

'It Iw



phosphor's coulomb rating since it indicates the cumulative charge per unit

area necessary to reduce the intensity of the luminescence to one-half of its

initial value. The coulomb ratings of a number of high brightness phosphors

are also given in Table 47.

If the excitation current density, J, and the duty cycle, D, are known, the

half-life of a phosphor screen (in hours) may be readily calculated as

Thalf-life " 3600 J D

The half-life of a phosphor screen is that cumulative operating time at which

the intensity of the luminescence has dropped to one-half of its original value.

It is important to note that electronic aging is unaffected by excitation

voltage (at least within the 3 to 50 kilovolt range) or by mode of excitation

(either d.c. or raster scanned provided that thermal situations are avoidod).

Electronic aging is accelerated, however, in an elevated temperature-or a poor

vacuum environment. Furthermore, a phosphor composition consisting of fine grain

particles for high resolution operation is more sensitive to aging than is a

coarse grain composition.

Of all the high brightness phosphors listed in Table 47, the two rare

earth phosphors, P43 and P44, appear to be the most attractive especially from

the viewpoint of long phosphor life at very high brightness levels, Unfortunetely,

however, published data on these two phosphors are scarce due to their relative

new#ess. Inforeation is generally available only through direct contact with

"experimental Lnvestigators at varioua research facilities who are presently

doing work with these new phosphors. Every indication has been, howeverethat

thnee two rare earth phosphors9 whose spectral emission distributions are shown

itn figures 8I and 88, art axtremely resistant to thermal burn and electronic

agin8. Furtherinte, they do not exhibit the current saturAtion behavior 3 which

is characteristic of silver or copper activated sulphide phosphors such as the P31

end thartefore are capable of high briaghtneas operation at lower current levels.

)
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No reference has been found as to the luminous efficiency of either the P43

or the P44 phosphor: Absolute efficiencies have been quoted as shown in Table

47, however, and with these values and the spectral distributions shown in

figures 87 and 88, the luminous efficiencies can be estimated by numerical

integration. Such a procedure yields 88 lumens/watt excitation for the P43 and

70 lumens/watt excitation for the P44. These values are somewhat higher than

those of the other phosphors listed in table 47 further emphasizing the

attractiveness of the rare earth compositions. however, since these luminous

efficiencies have been analytically derived, it.is important to confirm these

values by direct experimental evaluation.

An additional, feature of the rare earth phosphors is their noncontinuum

spectral emission distribution. Line emission such as that shown in figures

87 and 88 suggests the practicality of using a matched narrow band spectral

filter as a highly efficient aid for contrast enhancement. Such a filter

effectively discriminates against the broadband distribution of natural ambient

illumination while passing the more prominent narrowband emission lines of the

rare earth phosphors.

A graphical comparison between the high brightness phosphors listed in

Table 47 can be readily made by rewriting the equation for the phosphor's

half-life in terms of the spot brightness. This yields

"" V Phoas p
Thalf-fe(hours) - 0.258 B (ft-L)

spot

wherep andf, art the absolute conversion efficiency (watts radiated per watt

excitation) and the luminous equivalent (lumens radiated per watt radiated) of

the phosphor in question and Vphos is the phosphor excitation potential. This

equation is plotted as a function of spot brightness in Figure 89 for several

high brightness phosphors. Note that of the more conventional phosphors the

Pl is best in this situation even though its absolute conversion efficiency is

low because it exhibit* a high coulomb rating. Of course the two rare earth

phosphors are even better as endicated if the assumptions in luminous efficiency

x ,and coulomb rating are valid. Further investigation into the properties of

these two phosphors is necessary to confirm these conclusions.

(Note that because Figure 89 is plotted in terms of spot brightness and

not screen (average) brightness, care must be taken to note that a 5150 foot-

Lambert spot brightness is necessary to produce a 1100 foot-L&ebcrt screen

brightness with the DIGISPLAY.)
A7-6
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